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Introduction	  
The	  domestication	  of	  a	  plant	  species	  refers	  to	  the	  various	  genetic	  
modifications	  to	  a	  wild	  progenitor	  which	  have	  been	  selected	  as	  the	  plant	  form	  has	  
been	  modified	  to	  meet	  human	  needs	  (Doebley	  et	  al.,	  2006).	  Studying	  domestication	  
provides	  a	  glimpse	  of	  the	  history	  of	  the	  selection	  and	  improvement	  made	  by	  our	  
forebears	  over	  several	  thousands	  of	  years	  in	  their	  transition	  from	  hunter/gatherer	  to	  
pastoralist/farmer.	  A	  number	  of	  so-­‐called	  “domestication	  syndrome”	  plant	  traits	  are	  
common	  to	  many	  of	  our	  crop	  species,	  in	  particular	  the	  loss	  of	  seed	  shattering,	  the	  
minimization	  of	  seed	  dormancy	  and	  the	  increase	  in	  both	  seed	  size	  and	  number	  (Zohary	  
&	  Hopf,	  2000),	  and	  their	  selection	  represented	  the	  first	  steps	  along	  the	  path	  to	  
domestication	  and	  improvement.	  
The	  tribe	  Triticeae	  within	  the	  Pooideae	  subfamily	  of	  the	  grass	  family	  
Poaceae	  includes	  the	  temperate	  cereals	  barley	  (Hordeum	  vulgare	  ssp.	  vulgare	  L.),	  
bread	  and	  durum	  wheat	  (Triticum	  aestivum	  L.	  and	  T.	  durum	  Desf.),	  rye	  (Secale	  cereale	  
L.)	  and	  the	  synthetic	  species	  triticale	  (×	  Triticosecale	  Wittm.),	  along	  with	  about	  350	  
other	  species	  (Löve,	  1984).	  The	  majority	  of	  these	  species	  are	  wild,	  but	  some	  –	  
particularly	  those	  belonging	  to	  the	  genera	  Agropyron,	  Elymus,	  Leymus	  and	  
Psathyrostachys	  –	  are	  economically	  significant	  as	  perennial,	  fodder	  grasses	  (Kawahara,	  
2009).	  The	  barley	  crop	  is	  grown	  mainly	  as	  grain	  for	  animal	  feed	  and	  a	  source	  of	  malt	  
for	  brewing,	  while	  the	  wheat	  crop	  is	  largely	  used	  as	  a	  source	  of	  flour	  for	  the	  
production	  of	  baked	  goods	  or	  pasta.	  Together,	  wheat	  and	  barley	  dominate	  cereal	  
production	  in	  Europe,	  North	  Africa,	  the	  Americas	  and	  parts	  of	  Asia	  (the	  largest	  and	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fifth-­‐largest	  acreage	  worldwide	  in	  the	  year	  2009,	  http://www.fao.org.),	  and	  their	  
domestication	  is	  closely	  interwoven	  with	  human	  history,	  because	  they	  represent	  the	  
founder	  crops	  which	  built	  Western	  agriculture	  (Harlan,	  1971).	  
The	  31	  species	  within	  the	  genus	  Hordeum	  consist	  of	  combinations	  of	  the	  
four	  diploid	  genomes	  referred	  to	  as	  H,	  I,	  Xa	  and	  Xu	  (Blattner,	  2009;	  Abbo	  et	  al.,	  2010).	  
The	  size	  of	  the	  cultivated	  barley	  genome	  is	  at	  least	  5.5Gb	  (Bothmer	  et	  al.,	  1995;	  Wicker	  
et	  al.,	  2009),	  or	  about	  14	  times	  that	  of	  the	  rice	  (Oryza	  sativa	  L.)	  genome	  (Smith	  &	  
Flavell,	  1975)	  and	  45	  times	  that	  of	  the	  Arabidopsis	  thaliana	  (L.)	  Heynh.	  genome	  (IRGSP,	  
2005).	  Its	  large	  size	  is	  a	  consequence	  of	  the	  large	  amount	  (some	  80%	  of	  the	  genome)	  
of	  highly	  repetitive	  gene-­‐poor	  DNA	  (TAGI,	  2000;	  Bennett	  &	  Leitch,	  2005).	  Its	  closest	  
wild	  relative	  is	  the	  annual,	  diploid	  and	  mainly	  inbreeding	  spontaneum	  barley	  (H.	  
vulgare	  ssp.	  spontaneum	  C.	  Koch,	  I	  genome),	  held	  to	  be	  the	  direct	  progenitor	  of	  
cultivated	  barley.	  There	  is	  no	  crossing	  barrier	  between	  spontaneum	  and	  cultivated	  
barley	  (Bennett	  &	  Smith,	  1976).	  The	  distribution	  of	  spontaneum	  barley	  stretches	  from	  
SE	  Europe	  and	  NE	  Africa,	  through	  the	  Near	  East	  (West	  Asia)	  to	  western	  Pakistan	  and	  
southern	  Tajikistan	  (Bothmer	  et	  al.,	  1995).	  Natural	  stands	  can	  be	  found	  from	  sea	  level	  
in	  the	  Mediterranean	  basin	  to	  4500m	  asl	  in	  the	  Himalayas	  (Bothmer	  et	  al.,	  1995).	  
Cultivated	  barley	  is	  grown	  throughout	  the	  temperate	  world.	  
A	  critical	  domestication	  trait	  in	  barley	  is	  the	  tough	  (non-­‐brittle)	  rachis,	  since	  
spikes	  of	  this	  type	  retain	  the	  grain	  beyond	  maturity	  –	  whereas	  in	  brittle	  types,	  the	  
spikes	  disintegrate	  at	  maturity,	  allowing	  the	  grain	  to	  fall	  to	  the	  ground.	  As	  a	  result,	  the	  
early	  farmer	  would	  have	  tended	  to	  harvest	  grain	  from	  non-­‐brittle	  spikes	  much	  more	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often	  than	  from	  brittle	  ones,	  thereby	  imposing	  a	  heavy	  selection	  pressure	  for	  the	  trait	  
(Bothmer	  et	  al.,	  1995).	  A	  second	  key	  domestication	  trait	  was	  the	  six-­‐rowed	  spike,	  since	  
this	  is	  able	  to	  set	  three	  times	  as	  many	  grains	  as	  the	  wild	  type	  two-­‐rowed	  spike.	  In	  this	  
review,	  we	  describe	  the	  state	  of	  knowledge	  regarding	  these	  two	  key	  barley	  
domestication	  genes	  and	  discuss	  the	  potential	  applications	  of	  this	  knowledge	  in	  the	  
wider	  context	  of	  crop	  improvement.	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Spike	  architecture	  in	  the	  Triticeae	  
Inflorescence	  branching	  is	  dependent	  on	  the	  developmental	  fate	  of	  the	  
axillary	  shoot	  meristem	  (Pourkheirandish	  &	  Komatsuda,	  2007).	  The	  final	  architecture	  
of	  the	  inflorescence	  is	  the	  end	  product	  of	  the	  number	  of	  meristems,	  their	  arrangement	  
and	  their	  activity.	  In	  rice,	  sorghum	  etc.,	  it	  takes	  the	  form	  of	  a	  panicle,	  in	  wheat,	  barley	  
etc.,	  a	  spike,	  while	  in	  maize,	  the	  male	  inflorescence	  forms	  as	  a	  panicle,	  but	  the	  female	  
as	  a	  spike.	  It	  is	  thought	  that	  the	  panicle	  is	  the	  primitive	  form,	  from	  which	  the	  spike	  
evolved	  at	  a	  later	  time	  (Ward	  &	  Leyser,	  2004).	  The	  flowers	  of	  a	  grass	  plant	  develop	  on	  
a	  specialized	  short	  branch	  called	  the	  spikelet	  (Figure	  1-­‐1).	  This	  structure	  is	  the	  end	  
result	  of	  an	  iterated	  branching	  process,	  and	  its	  final	  form	  depends	  on	  whether	  or	  not	  
particular	  branch	  primordia	  grow,	  and	  by	  axis	  orientation	  in	  space	  (Vegetti,	  A.	  &	  Anton,	  
A.	  M.,	  1995).	   	  
Spikelet	  numbers	  per	  node	  in	  the	  Triticeae	  are	  summarized	  in	  Table	  1-­‐1.	  
Most	  species	  develop	  one	  spikelet	  per	  node,	  but	  uniquely,	  the	  barley	  spike	  carries	  
three,	  comprising	  one	  central	  and	  two	  lateral	  spikelets	  (Figure	  1-­‐1).	  The	  central	  
spikelet	  is	  fully	  fertile,	  but	  the	  two	  lateral	  ones	  are	  either	  staminate	  or	  completely	  
sterile	  in	  two-­‐rowed	  barley,	  while	  in	  six-­‐rowed	  barley,	  all	  three	  are	  fully	  fertile	  (Doust	  
&	  Kellogg,	  2002).	  The	  three-­‐spikelets	  trait	  is	  rare	  enough	  to	  question	  how	  it	  evolved	  in	  
the	  genus	  Hordeum.	  In	  bread	  wheat,	  supernumerary	  spikelets	  develop	  occasionally	  
(Pourkheirandish	  &	  Komatsuda,	  2007),	  and	  in	  the	  absence	  of	  the	  2D	  chromosome,	  a	  
pair	  of	  spikelets	  commonly	  develops	  at	  the	  rachis	  node	  (Dobrovolskaya	  et	  al.,	  2009).	  In	  
rye,	  a	  multi-­‐spikelet	  mutation	  produces	  the	  so-­‐called	  “monstrosum”	  spike	  (Muramatsu,	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2009).	  Both	  the	  supernumerary	  spikelets	  trait	  in	  wheat	  and	  the	  “monstrosum”	  spike	  in	  
rye	  are	  under	  the	  control	  of	  a	  gene(s)	  mapping	  to	  the	  short	  arm	  of	  a	  homoeologous	  
group	  2	  chromosome	  (Dobrovolskaya	  et	  al.,	  2009),	  suggesting	  the	  presence	  of	  a	  
suppressor	  of	  the	  multi-­‐spikelet	  trait	  on	  this	  chromosome	  arm.	  In	  the	  genus	  Elymus,	  
the	  number	  of	  spikelets	  per	  rachis	  node	  can	  vary	  from	  one	  to	  two	  (paired)	  to	  even	  four,	  
both	  along	  a	  single	  spike,	  as	  well	  as	  between	  species	  within	  the	  genus	  (Dobrovolskaya	  
et	  al.,	  2009).	  The	  numbers	  of	  spikelets	  per	  node	  may	  be	  controlled	  by	  the	  same	  gene	  
on	  homoeologous	  group	  2	  in	  the	  tribe	  Triticeae.	  Inflorescence	  branching	  also	  has	  been	  
observed	  and	  genetically	  dissected	  in	  A.	  thaliana.	  When	  the	  dosage	  of	  chromosome	  5	  
increases	  to	  three,	  a	  number	  of	  abnormal	  phenotypes,	  including	  a	  “triple	  branched	  
flower”	  (Figure	  1-­‐2	  arise	  (Muramatsu,	  2009).	  Although	  the	  causative	  gene(s)	  for	  this	  
character	  have	  not	  been	  identified,	  some	  candidates	  have	  been	  proposed.	  These	  
include	  REVOLUTA,	  which	  encodes	  an	  HD-­‐Zip	  III	  protein,	  and	  is	  responsible	  for	  the	  
development	  of	  apical	  meristems	  and	  for	  limiting	  cell	  division	  in	  the	  leaf	  and	  stem	  
(Henry	  et	  al.,	  2010).	   	  
In	  barley,	  the	  mutant	  brc1	  produces	  a	  branched	  spike	  (but	  not	  a	  change	  in	  
the	  number	  of	  spikelets	  per	  rachis	  node),	  and	  the	  causative	  gene	  maps	  to	  
chromosome	  2HS	  (Talbert	  et	  al.,	  1995),	  a	  likely	  orthologue	  is	  FRIZZY	  PANICLE	  of	  rice	  
(Rossini	  et	  al.,	  2006),	  while	  in	  maize,	  three	  RAMOSA	  genes	  have	  been	  implicated	  in	  the	  
control	  of	  tassel	  branching	  (Komatsu	  et	  al.,	  2003).	  One	  of	  these	  (ra1)	  maps	  to	  
chromosome	  7	  in	  a	  region	  syntenous	  with	  barley	  chromosome	  2H,	  and	  encodes	  a	  
Cys2-­‐His2	  zinc-­‐finger	  protein,	  a	  member	  of	  a	  family	  of	  plant-­‐specific	  EPF	  subclass	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transcription	  factors	  (Vollbrecht	  et	  al.,	  2005).	  The	  second	  gene	  (ra2)	  maps	  to	  
chromosome	  3	  and	  encodes	  a	  lateral	  organ	  boundary	  domain	  transcription	  factor	  
(Vollbrecht	  et	  al.,	  2005).	  The	  pattern	  of	  expression	  of	  ra2	  homologues	  appears	  to	  be	  
well	  conserved	  among	  rice,	  barley,	  sorghum	  and	  maize,	  suggesting	  that	  its	  role	  is	  
important	  for	  the	  initial	  determination	  of	  inflorescence	  architecture.	  Finally,	  ra3	  maps	  
to	  chromosome	  7	  and	  encodes	  a	  trehalose-­‐6-­‐phosphate	  phosphatase	  (Bortiri	  et	  al.,	  
2006).	  ra3	  is	  transcriptionally	  regulated	  by	  ra1.	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Evolution	  of	  the	  barley	  six-­‐rowed	  spike	  
Six-­‐rowed	  barley	  produces	  three	  times	  as	  many	  seeds	  per	  spike	  as	  the	  
two-­‐rowed	  type,	  and	  the	  fertility	  restoration	  of	  the	  two	  lateral	  spikelets	  has	  been	  
viewed	  as	  a	  domestication	  syndrome	  trait	  (Satoh-­‐Nagasawa	  et	  al.,	  2006).	  The	  oldest	  
known	  archaeological	  barley	  kernels	  date	  from	  about	  19,000	  years	  ago,	  and	  were	  
certainly	  derived	  from	  two-­‐rowed,	  brittle	  rachis	  types	  (Komatsuda	  et	  al.,	  2007).	  The	  
earliest	  domesticated	  barley	  samples	  were	  unearthed	  in	  Jarmo	  (northern	  Iraq),	  date	  to	  
9500-­‐8400	  years	  ago,	  and	  were	  derived	  from	  two-­‐rowed,	  non-­‐brittle	  types.	  Six-­‐rowed	  
types	  first	  make	  an	  appearance	  at	  Tell	  Abu	  Hureyra	  (Syria),	  dating	  to	  8800-­‐8000	  years	  
ago.	  Following	  the	  development	  of	  agriculture	  in	  the	  alluvial	  soils	  of	  Mesopotamia	  and,	  
later	  in	  Lower	  Egypt	  (7000-­‐6000	  years	  ago),	  the	  six-­‐rowed	  spike	  began	  to	  largely	  
replace	  the	  two-­‐rowed	  type,	  and	  established	  itself	  as	  the	  most	  important	  crop	  in	  the	  
Near	  East	  (Zohary	  &	  Hopf,	  2000).	  
All	  spontaneum	  barleys	  are	  two-­‐rowed,	  which	  is	  an	  advantageous	  trait	  for	  a	  
wild	  species,	  since	  the	  arrow-­‐head	  shape	  of	  the	  spikelet	  at	  maturity	  helps	  it	  to	  become	  
buried	  in	  the	  soil	  once	  it	  disarticulates	  (Helbaek,	  1959);	  in	  addition,	  the	  degenerating	  
pair	  of	  lateral	  spikelets	  form	  a	  hook-­‐like	  structure,	  which	  allows	  its	  ready	  attachment	  
to	  an	  animal	  coat,	  and	  thus	  promotes	  seed	  dispersal.	  The	  success	  of	  this	  structure	  can	  
be	  seen	  by	  the	  much	  wider	  geographical	  distribution	  of	  spontaneum	  barley	  compared	  
to	  that	  of	  diploid	  Triticum	  species,	  which	  develop	  only	  a	  single	  spikelet	  per	  node	  
(Bothmer	  et	  al.,	  1995).	  
The	  genetic	  basis	  of	  the	  six-­‐rowed	  spike	  in	  barley	  has	  been	  fully	  elucidated	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(Bothmer	  et	  al.,	  1995).	  The	  trait	  is	  expressed	  in	  the	  presence	  of	  the	  recessive	  vrs1	  
allele	  at	  the	  six-­‐rowed	  spike	  1	  locus	  mapping	  to	  chromosome	  2HL.	  vrs1	  has	  been	  
isolated	  by	  positional	  cloning,	  and	  its	  functional	  allele	  (HvHox1)	  been	  shown	  to	  encode	  
a	  homoeodomain	  leucine	  zipper	  (HD-­‐Zip)	  type	  I	  transcription	  factor	  (Komatsuda	  et	  al.,	  
2007).	  The	  gene	  is	  thought	  likely	  to	  have	  arisen	  following	  the	  duplication	  of	  its	  
ancestral	  gene	  HvHox2,	  a	  HD-­‐Zip	  I	  transcription	  factor,	  mapping	  to	  chromosome	  2HS	  
(Komatsuda	  et	  al.,	  2007).
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The	  function	  of	  HD-­‐Zip	  transcription	  factors	  
The	  HD-­‐Zip	  family	  of	  transcription	  factors,	  which	  is	  unique	  to	  the	  plant	  
kingdom,	  features	  a	  leucine	  zipper	  (Zip)	  motif	  lying	  immediately	  downstream	  of	  the	  
homoeodomain	  (HD).	  HD-­‐Zip	  genes	  have	  been	  isolated	  from	  A.	  thaliana,	  rice,	  
sunflower	  and	  barley	  etc.	  The	  HD	  is	  responsible	  for	  the	  specificity	  of	  DNA	  binding.	  
HD-­‐Zip	  proteins	  bind	  as	  dimers	  to	  DNA,	  and	  the	  absence	  of	  Zip	  abolishes	  their	  binding	  
ability	  (Sakuma	  et	  al.,	  2010).	  HD-­‐Zip	  proteins	  have	  been	  classified	  into	  four	  subfamilies	  
(I-­‐IV)	  on	  the	  basis	  of	  a	  set	  of	  diagnostic	  features,	  additional	  common	  motifs	  and	  
physiological	  functions	  (Sessa	  et	  al.,	  1993).	  HD-­‐Zip	  I	  genes	  have	  evolved,	  through	  a	  
series	  of	  gene	  duplications,	  into	  a	  number	  of	  paralogous	  subsets,	  in	  which	  the	  genes	  
share	  a	  common	  intron/exon	  structure	  (Sessa	  et	  al.,	  1993;	  Ariel	  et	  al.,	  2007).	  Several	  
members	  of	  the	  HD-­‐Zip	  I	  and	  II	  families	  have	  been	  associated	  with	  auxin	  signaling	  and	  
transport	  (Kawahara	  et	  al.,	  1995;	  Sakuma	  et	  al.,	  2010),	  as	  well	  as	  with	  light	  signaling	  
responses	  (Carabelli	  et	  al.,	  1993;	  Steindler	  et	  al.,	  1999;	  Morelli	  &	  Ruberti,	  2002)	  and	  
de-­‐etiolation	  (Wang	  et	  al.,	  2003).	  A	  number	  of	  HD-­‐Zip	  I	  and	  II	  genes	  are	  involved	  in	  the	  
regulation	  of	  adaptation	  to	  drought	  (Aoyama	  et	  al.,	  1995;	  Lee	  et	  al.,	  2001).	  While	  
HD-­‐Zip	  I	  and	  II	  proteins	  interact	  with	  similar	  pseudo-­‐palindromic	  binding	  sites	  (Meijer	  
et	  al.,	  1997;	  Manavella	  et	  al.,	  2006),	  slightly	  different	  sequences	  are	  recognized	  by	  the	  
HD-­‐Zip	  III	  and	  IV	  proteins	  (Sessa	  et	  al.,	  1993;	  Abe	  et	  al.,	  2003;	  Ohashi	  et	  al.,	  2003;	  
Nakamura	  et	  al.,	  2006).	  The	  genes	  in	  these	  two	  latter	  categories	  share	  the	  conserved	  
START	  domain	  (Sessa	  et	  al.,	  1998).	  HD-­‐Zip	  III	  genes	  have	  been	  shown	  to	  be	  involved	  in	  
the	  regulation	  of	  apical	  embryo	  patterning,	  embryonic	  shoot	  meristem	  formation,	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organ	  polarity,	  vascular	  development	  and	  meristem	  function	  (Ponting	  &	  Aravind,	  1999;	  
McConnell	  et	  al.,	  2001;	  Green	  et	  al.,	  2005;	  Prigge	  et	  al.,	  2005;	  Byrne,	  2006).	  HD-­‐Zip	  IV	  
genes	  appear	  to	  be	  involved	  in	  the	  determination	  of	  cell	  fate	  in	  the	  epidermis	  and	  in	  
the	  regulation	  of	  cell	  layer	  specific	  expression	  (Ratcliffe	  et	  al.,	  2000;	  Ito	  et	  al.,	  2002;	  
Abe	  et	  al.,	  2003;	  Nakamura	  et	  al.,	  2006).	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The	  function	  of	  Vrs1	  
The	  expression	  of	  Vrs1	  is	  strictly	  limited	  to	  the	  two	  lateral	  spikelet	  primordia	  
in	  the	  immature	  two-­‐rowed	  barley	  spike,	  which	  is	  consistent	  with	  the	  idea	  that	  the	  
VRS1	  protein	  acts	  to	  suppress	  development	  of	  the	  two	  lateral	  spikelets.	  Loss	  of	  Vrs1	  
function	  converts	  the	  rudimentary	  lateral	  spikelets	  seen	  in	  the	  two-­‐rowed	  barley	  spike	  
into	  fully	  fertile	  ones.	  The	  Vrs1	  gene	  showed	  the	  first	  a	  clear	  biological	  function	  of	  
HD-­‐Zip	  I	  type	  transcription	  factor	  in	  plant.	  Resequencing	  of	  the	  HvHox1	  sequence	  
across	  a	  large	  sample	  of	  both	  spontaneum	  and	  cultivated	  accessions	  has	  confirmed	  the	  
association	  between	  the	  HvHOX1	  peptide	  sequence	  and	  spike	  type	  (Yang	  et	  al.,	  2002),	  
and	  has	  indicated	  that	  six-­‐rowed	  barley	  probably	  arose	  at	  least	  four	  times	  (Saisho	  et	  al.,	  
2009).	  The	  deficiens	  type	  (which	  develops	  rudimentary	  lateral	  spikelets)	  sequence	  is	  
defined	  by	  a	  serine	  to	  glycine	  mutation	  at	  position	  184	  of	  motif	  3,	  lying	  outside	  the	  
HD-­‐Zip	  sequence	  proper,	  indicating	  that	  the	  HD-­‐Zip	  domain	  is	  not	  the	  sole	  determinant	  
for	  the	  development	  of	  the	  lateral	  spikelets.	  Reverse	  genetics	  using	  Targeting	  Local	  
Lesions	  IN	  Genomes	  (TILLING)	  was	  successful	  in	  the	  detection	  of	  new	  mutant	  alleles,	  
and	  analogous	  mutational	  events	  were	  detected	  (Komatsuda	  et	  al.,	  2007).	  
The	  spike	  of	  most	  wild	  Hordeum	  species	  is	  two-­‐rowed,	  although	  there	  is	  
variation	  with	  respect	  to	  the	  size	  of	  the	  glume	  and	  awn	  and	  pedicel.	  In	  some	  species	  –	  
e.g.,	  H.	  bulbosum	  L.	  (I	  genome)	  and	  H.	  murinum	  L.	  (Xu	  genome)	  -­‐	  the	  lateral	  spikelets	  
are	  larger	  than	  the	  central	  one,	  even	  though	  they	  remain	  sterile	  (Figure	  1-­‐1).	  Apart	  
from	  in	  cultivated	  barley,	  the	  six-­‐rowed	  spike	  is	  found	  only	  in	  H.	  bogdanii	  Wilensky.	  (H	  
genome,	  Figure	  1-­‐3D	  and	  (Gottwald	  et	  al.,	  2009),	  but	  the	  genetic	  basis	  of	  the	  trait	  in	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this	  species	  has	  not	  as	  yet	  been	  determined.	  It	  is	  assumed	  that	  primitive	  farmers	  
preferred	  H.	  vulgare	  to	  H.	  bogdanii,	  because	  they	  appreciated	  the	  former's	  larger	  seed	  
size,	  lesser	  dormancy,	  and	  perhaps	  its	  better	  taste.	  Vrs1	  orthologues	  are	  present	  in	  all	  
wild	  Hordeum	  species	  tested	  to	  date	  (unpublished	  data),	  although	  their	  function	  in	  
these	  species	  remains	  to	  be	  investigated.	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The	  evolution	  of	  HvHox1	  
DNA	  duplication	  is	  a	  major	  player	  in	  genome	  evolution	  (Ohno,	  1970;	  
Bothmer	  et	  al.,	  1995).	  In	  some	  cases,	  a	  duplicated	  gene	  acquires	  a	  new	  function	  while	  
the	  ancestral	  copies	  retains	  its	  original	  function;	  but	  in	  other	  cases,	  one	  or	  other	  
duplicate	  is	  lost	  over	  evolutionary	  time	  (Zhang,	  2003;	  Devos,	  2005;	  Bennetzen,	  2007).	  
Vrs1	  and	  HvHox2	  both	  consist	  of	  three	  exons	  and	  two	  introns,	  and	  their	  gene	  products	  
share	  many	  residues;	  but	  their	  expression	  profiles	  are	  very	  distinct.	  The	  question	  is	  as	  
to	  how	  Vrs1	  acquired	  its	  modern	  function.	  Vrs1	  expression	  is	  strictly	  limited	  to	  the	  
lateral	  spikelets	  of	  the	  immature	  spike	  (Kellogg	  &	  Bennetzen,	  2004),	  whereas	  HvHox2	  
expression	  is	  ubiquitous	  (Komatsuda	  et	  al.,	  2007).	  However,	  their	  level	  of	  expression	  in	  
the	  spike	  may	  be	  rather	  similar.	  The	  VRS1	  and	  HvHOX2	  sequences	  differ	  in	  their	  
homoeodomain,	  and	  in	  addition,	  the	  former	  has	  lost	  the	  C	  terminal	  motif.	  The	  
homoeodomain	  mutation	  could	  create	  a	  changed	  DNA	  binding	  affinity,	  and	  the	  
absence	  of	  the	  C	  terminal	  motif	  may	  serve	  to	  decrease	  the	  level	  of	  its	  interaction	  with	  
transcription	  activators	  –	  although	  it	  has	  not	  been	  established	  as	  yet	  whether	  either	  
HvHOX2	  or	  VRS1	  operate	  as	  transcriptional	  repressors	  or	  activators.	  Based	  on	  the	  
hypothesis	  that	  HvHOX2	  and	  VRS1	  share	  the	  same	  target	  DNA	  sequence	  and	  retain	  the	  
same	  level	  of	  affinity,	  we	  have	  proposed	  that	  VRS1	  competes	  with	  HvHOX2	  to	  bind	  to	  a	  
cis-­‐element(s)	  within	  a	  downstream	  gene(s).	  A	  result	  of	  the	  simultaneous	  expression	  of	  
Vrs1	  and	  HvHox2	  is	  that	  the	  formation	  of	  HvHOX2/VRS1	  heterodimers	  would	  drive	  
down	  the	  population	  of	  HvHOX2	  homodimers	  present,	  so	  that	  the	  stronger	  the	  
expression	  of	  Vrs1,	  the	  greater	  the	  degree	  of	  the	  HvHox2	  suppression	  (Figure	  1-­‐4).	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Disarticulation	  systems	  in	  the	  Triticeae	  
	   Disarticulation,	  or	  the	  disintegration	  of	  the	  spike	  at	  maturity,	  has	  evolved	  in	  
nature	  to	  aid	  seed	  dispersal.	  In	  wild	  Triticeae	  species,	  the	  spike	  breaks	  either	  at	  its	  
lowest	  node,	  at	  the	  rachis	  nodes	  or	  above	  the	  glumes	  within	  the	  rachilla;	  these	  various	  
disarticulation	  points	  generate,	  as	  dispersal	  units,	  respectively	  whole	  spikes,	  spikelets	  
and	  individual	  grains.	  “Wedge-­‐type"	  spikelets	  are	  formed	  when	  disarticulation	  occurs	  
immediately	  above	  the	  rachis	  node,	  while	  "barrel-­‐type"	  ones	  are	  formed	  when	  the	  
breakage	  occurs	  below	  the	  rachis	  node	  (Figure	  1-­‐3	  and	  (Sakuma	  et	  al.,	  2010).	  The	  
pattern	  of	  spike	  disarticulation	  among	  the	  Triticeae	  species	  is	  summarized	  in	  Table	  1-­‐1.	  
Genera	  producing	  whole	  spikes	  (disarticulation	  at	  its	  lowest	  node)	  are	  rare,	  and	  there	  
is	  roughly	  a	  half-­‐half	  split	  between	  those	  producing	  a	  brittle	  rachis,	  and	  those	  where	  
disarticulation	  occurs	  above	  the	  glume.	  The	  genera	  Hordeum	  and	  Eremopyrum	  are	  
exceptional	  for	  including	  species	  of	  both	  these	  types.	  All	  the	  Hordeum	  species,	  except	  
for	  H.	  bogdanii	  Wilensky.	  disarticulate	  above	  the	  rachis	  node,	  to	  produce	  wedge-­‐type	  
spikelets	  (Figure	  1-­‐3	  and	  (Zohary	  &	  Hopf,	  2000).	  Three	  Eremopyrum	  species	  
disarticulate	  above	  the	  rachis	  node,	  and	  one	  disarticulates	  above	  the	  glume	  (Bothmer,	  
1979).	  
	   In	  rice,	  a	  clear	  abscission	  layer	  is	  formed	  above	  the	  glume	  (Frederiksen,	  1991;	  
Konishi	  et	  al.,	  2006),	  but	  there	  is	  little	  or	  no	  convincing	  histochemical	  demonstration	  of	  
the	  existence	  of	  an	  abscission	  layer	  above	  the	  glume	  in	  any	  Triticeae	  species.	  
Abscission	  occurs	  in	  each	  junction	  between	  the	  florets	  within	  the	  spikelet	  of	  many	  
Triticeae	  genera	  (Table	  1-­‐1).	  As	  a	  result,	  it	  has	  been	  proposed	  that	  abscission	  above	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the	  glume	  is	  the	  ancestral	  form	  of	  disarticulation	  present	  in	  the	  common	  progenitor	  of	  
rice,	  the	  Triticeae	  species,	  and	  species	  within	  the	  genera	  Avena,	  Bromus,	  and	  
Brachypodium	  (Li	  et	  al.,	  2006;	  Opanowicz	  et	  al.,	  2008).	  According	  to	  this	  notion	  
therefore,	  the	  brittle	  rachis,	  as	  well	  as	  whole	  spike	  disarticulation	  type,	  is	  a	  derived	  
form	  unique	  to	  the	  Triticeae,	  all	  of	  which	  produce	  a	  spike	  type	  of	  inflorescence.	  The	  
recognition	  of	  an	  abscission	  layer	  has	  been	  difficult	  in	  the	  genera	  Hordeum,	  Triticum	  
and	  Aegilops,	  although	  a	  correlation	  has	  been	  drawn	  between	  rachis	  fragility	  and	  the	  
depth	  of	  the	  constriction	  around	  the	  rachis	  node	  (Matsumoto	  et	  al.,	  1963;	  Ladizinsky	  &	  
Zohary,	  1971).	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Genetics	  of	  the	  non-­‐brittle	  rachis	  in	  barley	  
In	  spontaneum	  barley,	  the	  disarticulation	  scars	  are	  smooth,	  whereas	  in	  
cultivated	  barley,	  mechanical	  threshing	  produces	  a	  rough	  scar	  on	  grains	  detached	  from	  
the	  rachis.	  This	  feature	  has	  served	  as	  a	  diagnostic	  of	  domesticated	  barley	  in	  
archaeological	  grain	  samples	  (Ubisch,	  1915).	  The	  domestication	  of	  barley	  occurred	  
between	  9,500	  and	  8,400	  years	  ago.	  In	  spontaneum	  barley,	  the	  brittle	  rachis	  is	  
specified	  by	  the	  two	  complementary	  dominant	  genes	  Btr1	  and	  Btr2	  (Zohary	  &	  Hopf,	  
2000),	  which	  are	  tightly	  linked	  with	  one	  another	  on	  the	  short	  arm	  of	  chromosome	  3H	  
(Takahashi	  &	  Hayashi,	  1964).	  However,	  in	  cultivated	  barley,	  one	  or	  other	  of	  these	  
genes	  has	  been	  lost	  by	  mutation	  during	  domestication,	  so	  that	  most	  European/West	  
Asian	  cultivars	  are	  of	  genotype	  btr1Btr2,	  while	  most	  East	  Asian	  ones	  are	  Btr1btr2	  
(Komatsuda	  &	  Mano,	  2002).	  
In	  addition,	  a	  further	  two	  quantitative	  trait	  loci	  have	  been	  detected	  on	  
chromosome	  5H	  and	  7H	  (Takahashi,	  1955;	  Komatsuda	  et	  al.,	  2004).	  The	  latter	  ("D")	  has	  
a	  stronger	  effect	  in	  conjunction	  with	  the	  main	  complementary	  pair.	  "D"	  maps	  close	  to	  
the	  dense	  spike	  1	  (dsp1)	  locus,	  which	  specifies	  the	  length	  of	  the	  spike	  internode.	  This	  
has	  been	  taken	  to	  suggest	  the	  possibility	  that	  the	  “D”	  effect	  is	  due	  to	  the	  pleiotropic	  
action	  of	  dsp1	  rather	  than	  to	  the	  action	  of	  an	  independent	  gene.	  The	  semi-­‐brachytic	  
mutation	  uzu	  also	  produces	  a	  dense	  spike,	  but	  it	  is	  unclear	  whether	  the	  presence	  of	  
this	  gene	  has	  any	  (Komatsuda	  &	  Mano,	  2002)	  or	  much	  (Komatsuda	  et	  al.,	  2004)	  effect	  
on	  the	  brittleness	  of	  the	  rachis.	  The	  wild	  type	  alleles	  at	  each	  of	  these	  genes	  is	  
dominant	  -­‐	  that	  is,	  the	  non-­‐brittle	  rachis	  is	  determined	  by	  a	  loss-­‐of-­‐function	  allele.	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None	  of	  these	  non-­‐brittle	  rachis	  genes,	  however,	  have	  proven	  to	  be	  allelic	  to	  the	  "head	  
shattering"	  QTL	  mapped	  to	  chromosome	  3H	  by	  (Senthil	  &	  Komatsuda,	  2005).	  The	  
former	  was	  located	  on	  the	  long	  arm	  of	  chromosome	  5H	  (Komatsuda	  et	  al.	  2004)	  and,	  
due	  to	  the	  location	  on	  the	  homeologous	  region,	  the	  QTL	  could	  be	  a	  homologue	  of	  the	  
wheat	  free-­‐threshing	  gene	  Q	  (Kandemir	  et	  al.,	  2000).	  The	  Q	  gene	  encodes	  a	  member	  of	  
the	  AP2	  class	  transcription	  factor	  and	  the	  q	  allele	  produces	  speltoid	  spikes,	  in	  which	  
the	  disarticulation	  pattern	  was	  such	  that	  the	  rachis	  broke	  to	  form	  wedge-­‐type	  
spikelets.	  
	   None	  of	  the	  genes	  responsible	  for	  the	  non-­‐brittle	  rachis	  trait	  in	  barley	  have	  
as	  yet	  been	  isolated.	  In	  rice,	  the	  qSH1	  (QTL	  of	  seed	  shattering	  in	  chromosome	  1),	  which	  
produces	  an	  abscission	  layer	  above	  the	  glume,	  encodes	  a	  BEL1-­‐type	  homoeobox	  gene	  
(Simons	  et	  al.,	  2006),	  while	  sh4	  (QTL	  4	  responsible	  for	  the	  reduction	  of	  grain	  shattering),	  
which	  produces	  an	  identical	  phenotype,	  encodes	  a	  Myb3	  transcription	  factor	  (Konishi	  
et	  al.,	  2006).	  The	  genetic	  location	  of	  qSH1	  on	  rice	  chromosome	  1	  is	  within	  a	  region	  
syntenous	  with	  barley	  chromosome	  3H	  (Li	  et	  al.,	  2006).	  The	  barley	  qSH1	  orthologue	  
JuBel2	  maps	  to	  barley	  chromosome	  3HL	  (Stein	  et	  al.,	  2007),	  while	  the	  btr1	  and	  btr2	  loci	  
reside	  on	  3HS	  (Muller	  et	  al.,	  2001),	  thereby	  excluding	  the	  possibility	  that	  JuBel2	  is	  a	  
candidate	  for	  either	  btr1	  or	  btr2.	  Komatsuda	  et	  al.	  (2004)	  have	  made	  a	  start	  towards	  
the	  map-­‐based	  cloning	  of	  the	  btr1	  and	  btr2	  by	  constructing	  a	  high-­‐density	  AFLP-­‐based	  
genetic	  map	  of	  the	  region;	  at	  present	  the	  position	  of	  btr1	  has	  been	  defined	  to	  an	  
interval	  of	  0.8cM	  (Komatsuda	  &	  Mano,	  2002).	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   Based	  on	  the	  phenotype	  of	  single	  chromosome	  addition	  lines	  into	  bread	  
wheat,	  brittle	  rachis	  genes	  have	  been	  located	  on	  various	  Triticeae	  species	  
homoeologous	  group	  3	  chromosomes	  (Azhacuvel	  et	  al.,	  2006),	  including	  Dasypyrum	  
villosum	  (L.)	  Candargy	  (DV)	  chromosome	  3VS	  (Watanabe	  &	  Ikebata,	  2000),	  Thinopyrum	  
bessarabicum	  (Savul.	  &	  Rayss)	  Löve	  chromosome	  3Eb	  (Urbano	  et	  al.,	  1988),	  Aegilops	  
bicornis	  (Forssk.)	  Jaub.	  &	  Spach	  chromosome	  3Sb	  (Chapman	  &	  Miller,	  1979;	  King	  et	  al.,	  
1997)	  both	  cited	  in	  Urbano	  et	  al.	  1988)	  and	  Ae.	  sharonensis	  Eig	  chromosome	  3Sl	  (Riley	  
et	  al.,	  1966)	  cited	  in	  Urbano	  et	  al.	  1988).	  All	  of	  these	  chromosomes	  carry	  a	  gene(s)	  
responsible	  for	  disarticulation	  above	  the	  rachis	  node.	  In	  Ae.	  longissima	  Schweinf.	  &	  
Muschl.,	  a	  "fragile	  rachis"	  trait	  is	  also	  under	  the	  control	  of	  a	  gene(s)	  on	  the	  short	  arm	  
of	  chromosome	  3Sl	  but	  its	  disarticulation	  type	  has	  not	  been	  clearly	  described	  (Miller,	  
1983).	  Within	  Triticum	  itself,	  above	  rachis	  node	  disarticulation	  gene(s)	  have	  been	  
located	  on	  a	  Tibetan	  bread	  wheat	  chromosome	  3DS	  (Ceoloni,	  1983),	  T.	  timopheevi	  
Zhuk.	  chromosome	  3AS	  (Chen	  et	  al.,	  1998),	  and	  Triticum	  turgidum	  L.	  ssp.	  dicoccoides	  
(Korn.	  ex	  Asch.	  and	  Graebner)	  Thell.	  chromosome	  3AS	  and	  3BS	  (Li	  &	  Gill,	  2006).	  Whole	  
spike	  type	  disarticulation	  in	  Ae.	  uniaristata	  Vis.	  is	  due	  to	  a	  gene(s)	  on	  chromosome	  3N	  
(Nalam	  et	  al.,	  2006)	  and	  in	  Ae.	  speltoides	  Tausch	  on	  chromosome	  3SS	  (Miller	  et	  al.,	  
1995).	  Thus	  there	  are	  grounds	  for	  supposing	  that	  the	  disarticulation	  genes	  as	  a	  whole	  
form	  an	  orthologous	  set,	  and	  just	  differ	  from	  one	  another	  by	  the	  topology	  of	  their	  
expression	  –	  either	  above	  each	  rachis	  node,	  or	  solely	  at	  the	  base	  of	  the	  spike.	  
Intriguingly,	  in	  Ae.	  tauschii	  Coss.,	  the	  progenitor	  species	  of	  the	  bread	  wheat	  D	  genome,	  
the	  below	  the	  rachis	  node	  disarticulation	  trait	  (Figure	  1-­‐3B)	  is	  controlled	  by	  a	  gene(s)	  
 20 
mapping	  to	  the	  long	  arm	  of	  chromosome	  3D	  (Li	  &	  Gill,	  2006).	  Nevertheless,	  this	  gene	  
too	  may	  still	  belong	  to	  the	  same	  orthologous	  set,	  because	  the	  intra-­‐chromosomal	  
transposition	  of	  genes	  is	  a	  far	  from	  rare	  event	  during	  evolution	  (Li	  &	  Gill,	  2002;	  Ilic	  et	  
al.,	  2003;	  Li	  &	  Gill,	  2006;	  Pourkheirandish	  et	  al.,	  2007;	  Faris	  et	  al.,	  2008;	  Sakuma	  et	  al.,	  
2010).	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Summary	  
	  
The	  process	  of	  crop	  domestication	  began	  ten	  thousand	  years	  ago	  in	  the	  
transition	  of	  early	  humans	  from	  hunter/gatherers	  to	  pastoralist/farmers.	  Recent	  
research	  has	  revealed	  the	  identity	  of	  some	  of	  the	  main	  genes	  responsible	  for	  
domestication.	  Two	  of	  the	  major	  domestication	  events	  in	  barley	  were	  (1)	  the	  failure	  of	  
the	  spike	  to	  disarticulate	  and	  (2)	  the	  six-­‐rowed	  spike.	  The	  former	  mutation	  increased	  
grain	  yield	  by	  preventing	  grain	  loss	  after	  maturity,	  while	  the	  latter	  one	  resulted	  in	  an	  
up	  to	  three	  fold	  increase	  in	  yield	  potential.	  Here	  we	  provide	  an	  overview	  of	  the	  
disarticulation	  systems	  and	  inflorescence	  characteristics,	  along	  with	  the	  genes	  
underlying	  these	  traits,	  occurring	  in	  the	  Triticeae	  tribe.	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Figure	  1-­‐1.	  Spike	  variation	  among	  wild	  Hordeum	  species.	   	  
(A)	  Spontaneum	  barley	  develops	  a	  large	  central	  spikelet	  and	  two	  small	  lateral	  ones.	  (B)	  
The	  large	  glumes	  of	  H.	  pusillum	  are	  the	  same	  size	  as	  its	  lemma.	  (C)	  In	  H.	  murinum,	  the	  
two	  lateral	  spikelets	  are	  larger	  than	  the	  awned	  central	  one.	  (D)	  In	  H.	  bulbosum,	  the	  
lateral	  spikelets	  are	  larger	  than	  the	  unawned	  central	  one.	  cs:	  central	  spikelet,	  ls:	  lateral	  
spikelet,	  gl:	  glume,	  pe:	  pedicel,	  aw:	  awn.	  Scale	  bar	  =	  1mm.	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Figure	  1-­‐2.	  The	  triple	  branched	  flower	  produced	  by	  A.	  thaliana	  ecotype	  Columbia-­‐0	  
plants	  trisomic	  for	  chromosome	  5	  (right,	  by	  courtesy	  of	  Dr.	  Isabelle	  Henry)	  and	  normal	  
flower	  produced	  by	  wild	  type	  diploid	  plants	  (left,	  by	  courtesy	  of	  Dr.	  Hiroaki	  Ichikawa).	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Figure	  1-­‐3.	  The	  disarticulation	  system	  of	  Triticeae.	   	  
(A)	  Wedge-­‐type	  spikelet	  of	  H.	  vulgare	  ssp.	  spontaneum	  var.	  proskowetzii	  Nábelek.	  (B)	  
Barrel	  type	  spikelet	  of	  Ae.	  tauschii.	  (C)	  Above	  glume	  type	  spikelet	  of	  H.	  bogdanii.	  (D)	  
Spike	  architecture	  of	  H.	  bogdanii,	  showing	  three	  fertile	  spikelets	  per	  rachis	  node.	  (E)	  
The	  disarticulation	  of	  the	  spike	  above	  the	  glume	  in	  H.	  bogdanii.	  (F)	  A	  close-­‐up	  of	  the	  
region	  marked	  by	  the	  red	  box	  in	  (E).	  Arrowheads	  show	  the	  point	  of	  disarticulation.	  ra:	  
rachis,	  gl:	  glume,	  pe:	  pedicel.	  Scale	  bar	  =	  1mm.	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Figure	  1-­‐4.	  Two	  alternative	  hypotheses	  for	  the	  interaction	  of	  HvHox2	  and	  Vrs1.	  
(A)	  In	  the	  central	  spikelet,	  only	  HvHox2	  is	  expressed,	  thus	  allowing	  the	  HvHOX2	  
homodimer	  (white)	  to	  bind	  to	  its	  downstream	  target.	  In	  the	  lateral	  spikelets,	  both	  
HvHox2	  and	  Vrs1	  are	  expressed,	  but	  the	  VRS1	  (green)	  and	  HvHOX2	  proteins	  bind	  to	  
different	  downstream	  targets.	  (B)	  VRS1	  targets	  the	  same	  DNA	  sequence	  as	  HvHOX2,	  
thus	  allowing	  for	  competition	  between	  VRS1	  and	  HvHOX2.	  The	  formation	  of	  
HvHOX2/VRS1	  heterodimers	  (white/green)	  drives	  down	  the	  number	  of	  HvHOX2	  
homodimers	  produced,	  so	  that	  the	  stronger	  the	  expression	  of	  Vrs1,	  the	  greater	  the	  
degree	  of	  the	  HvHox2	  suppression.	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Table	  1-­‐1.	  Morphological	  characterization	  in	  Triticeae	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Chapter	  2	  
	  
Duplication	  of	  a	  well-­‐conserved	  
homeodomain-­‐leucine	  zipper	  
transcription	  factor	  gene	  in	  barley	  
generates	  a	  copy	  with	  more	  specific	  
functions	  
 28 
Introduction	  
The	  grasses	  (Poaceae)	  form	  a	  monophyletic	  family	  of	  monocotyledonous	  
plants	  which	  includes	  all	  the	  cereal	  crops,	  notably	  rice	  (Oryza	  sativa	  L.),	  maize	  (Zea	  
mays	  L.),	  wheat	  (Triticum	  aestivum	  L.),	  barley	  (Hordeum	  vulgare	  L.),	  and	  sorghum	  
(Sorghum	  bicolor	  L.).	  These	  cereals	  share	  a	  common	  ancestor	  from	  which	  they	  have	  
diverged	  over	  a	  period	  of	  some	  60	  million	  years	  ago	  (Tarchini	  et	  al.,	  2000);	  
nevertheless,	  some	  synteny	  has	  been	  retained	  between	  them	  (Gale	  &	  Devos,	  1998;	  
Devos,	  2005).	  For	  example,	  rice	  chromosome	  4	  and	  7	  align	  well	  with	  chromosome	  2	  of	  
barley	  and	  wheat	  (Moore	  et	  al.,	  1995;	  Devos,	  2005;	  Lu	  &	  Faris,	  2006).	  With	  the	  
complete	  rice	  genomic	  sequence	  to	  hand	  (Chen	  et	  al.,	  2009),	  it	  has	  become	  possible	  to	  
demonstrate	  both	  where	  collinearity	  has	  been	  retained	  at	  the	  fine-­‐scale	  level	  
(Bennetzen	  &	  Ma,	  2003;	  Yan	  et	  al.,	  2003;	  InternationalRiceGenomeSequencingProject,	  2005;	  
Bossolini	  et	  al.,	  2007;	  Srinivasachary	  et	  al.,	  2007),	  and	  where	  it	  has	  collapsed	  as	  a	  result	  
of	  inversions,	  deletions,	  duplications,	  and	  other	  intrachromosomal	  rearrangements	  
(Tarchini	  et	  al.,	  2000;	  Li	  &	  Gill,	  2002;	  Ilic	  et	  al.,	  2003;	  La	  Rota	  &	  Sorrells,	  2004;	  Faris	  et	  
al.,	  2008).	  Other	  full	  grass	  species	  genome	  sequencing	  project	  either	  completed	  or	  
underway	  incude	  those	  for	  sorghum	  (Liu	  et	  al.,	  2006;	  Paterson	  et	  al.,	  2009;	  Sasaki	  &	  
Antonio,	  2009)	  and	  Brachypodium	  distachyon,	  a	  small	  genome,	  short	  growth	  cycle,	  
self-­‐fertile,	  model	  temperate	  grass(Paterson	  et	  al.,	  2009).	   	  
Inflorescence	  structure	  is	  one	  of	  the	  main	  determinants	  of	  grain	  yield	  in	  the	  
cereals.	  The	  inflorescence	  can	  take	  the	  form	  of	  a	  panicle	  (rice,	  sorghum,	  and	  maize)	  or	  
a	  spike	  (wheat,	  barley,	  and	  Brachypodium).	  Some	  evidence	  supports	  the	  notion	  that	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the	  spike	  has	  evolved	  from	  the	  panicle	  (Ozdemir	  et	  al.,	  2008).	  The	  barley	  spike	  carries	  
a	  set	  of	  three	  spikelets	  at	  each	  rachis	  node.	  In	  “two-­‐rowed”	  barley,	  the	  two	  lateral	  
spikelets	  are	  reduced	  in	  size	  and	  sterile,	  but	  in	  the	  “six-­‐rowed”	  type,	  all	  three	  spikelets	  
are	  fertile.	  The	  six-­‐rowed	  phenotype	  is	  genetically	  determined	  by	  homozygosity	  for	  the	  
recessive	  allele	  (previously	  referred	  to	  as	  vrs1)	  at	  the	  vrs1	  locus,	  which	  has	  been	  
identified	  as	  a	  homeobox	  gene	  (HvHox1)	  encoding	  a	  transcription	  factor	  containing	  a	  
homeodomain	  (HD)	  with	  a	  leucine	  zipper	  motif	  (Zip)	  (Vegetti,	  A.	  &	  Anton,	  A.M.,	  1995).	  
HD-­‐Zip	  proteins	  have	  been	  grouped	  into	  four	  families	  (Komatsuda	  et	  al.,	  2007),	  with	  
the	  Vrs1	  gene	  product	  (VRS1)	  belonging	  to	  the	  family	  I.	  Although	  HD	  can	  be	  found	  in	  all	  
eukaryotic	  genomes,	  the	  HD-­‐Zip	  family	  is	  restricted	  to	  the	  plant	  kingdom.	  The	  HD-­‐Zip	  
protein	  is	  dimerized	  by	  the	  Zip	  domain,	  and	  uses	  the	  HD	  to	  bind	  specifically	  to	  
dyad-­‐symmetrical	  deoxyribonucleic	  acid	  (DNA)	  recognition	  sequences,	  based	  on	  the	  
strict	  spatial	  relationship	  between	  HD	  and	  Zip	  (Ariel	  et	  al.,	  2007).	  VRS1	  is	  thought	  to	  
suppress	  the	  development	  of	  the	  lateral	  spikelets,	  since	  its	  expression	  was	  restricted	  
to	  the	  lateral	  spikelet	  primordia	  in	  the	  immature	  spikes	  (Sessa	  et	  al.,	  1993).	  The	  loss	  of	  
Vrs1	  function	  resulted	  in	  the	  complete	  conversion	  of	  the	  rudimentary	  lateral	  spikelets	  
of	  a	  two-­‐rowed	  barley	  into	  fully	  developed	  fertile	  spikelets,	  just	  as	  in	  the	  six-­‐rowed	  
type.	   	  
Phylogenetic	  analysis	  demonstrated	  that	  the	  origin	  of	  the	  six-­‐rowed	  
phenotype	  was	  probably	  polyphyletic,	  both	  temporally	  and	  spatially,	  and	  occurred	  via	  
a	  series	  of	  independent	  mutations	  at	  the	  Vrs1	  (Komatsuda	  et	  al.,	  2007).	  The	  higher	  
seed	  set	  of	  the	  six-­‐rowed	  type	  would	  have	  been	  readily	  selected	  during	  the	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domestication	  process	  (Komatsuda	  et	  al.,	  2007).	  Micro-­‐collinearity	  between	  rice	  and	  
barley	  is	  disrupted	  in	  the	  Vrs1	  region,	  but	  a	  Vrs1	  orthologue	  has	  been	  identified	  on	  rice	  
chromosome	  7	  (Harlan	  et	  al.,	  1973).	  The	  barley	  EST	  (scsnp06322),	  mapping	  to	  the	  
centromere	  region	  of	  chromosome	  2H,	  is	  homologous	  to	  rice	  Os07g0581000	  
(LOC_Os07g39280),	  which	  co-­‐locates	  with	  the	  rice	  Vrs1	  orthologue	  Os07g0581700	  
(LOC_Os07g39320),	  (Rostoks	  et	  al.,	  2005;	  Pourkheirandish	  et	  al.,	  2007).	  This	  genomic	  
location	  suggests	  the	  original	  site	  of	  Vrs1	  to	  be	  the	  centromere	  region	  of	  chromosome	  
2H	  prior	  to	  the	  chromosomal	  rearrangement,	  which	  has	  been	  responsible	  for	  the	  local	  
loss	  of	  synteny	  between	  rice	  and	  barley,	  but	  it	  is	  plausible	  that	  Vrs1	  evolved	  as	  a	  'copy'	  
of	  an	  indispensable	  'master'	  gene,	  which	  is	  still	  present	  in	  its	  ancestral	  location	  on	  
chromosome	  2H	  (Pourkheirandish	  et	  al.,	  2007).	  Neither	  the	  structure	  nor	  the	  function	  
of	  Vrs1	  orthologues	  in	  any	  of	  the	  other	  Poaceae	  members	  has	  been	  elucidated.	  The	  
objective	  of	  this	  study	  was	  to	  compare	  the	  genomic	  organization	  of	  the	  regions	  
containing	  a	  Vrs1	  orthologue	  in	  a	  set	  of	  Poaceae	  species,	  as	  a	  means	  of	  inferring	  the	  
refinement	  of	  the	  function	  of	  Vrs1	  by	  gene	  duplication	  in	  the	  speciation	  of	  barley.	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Experimental	  procedures	  
	  
Plant	  materials	  
The	  two-­‐rowed	  barley	  cultivar	  (cv.)	  Kanto	  Nakate	  Gold	  (KNG,	  NIAS	  accession	  
number	  JP	  15436)	  and	  the	  six-­‐rowed	  barley	  cv.	  Azumamugi	  (AZ,	  JP	  17209)	  (maintained	  
in	  the	  Gene	  Bank,	  NIAS,	  Tsukuba,	  Japan)	  were	  intercrossed	  to	  allow	  the	  development	  
of	  a	  population	  of	  99	  F12	  recombinant	  inbred	  lines	  (RILs).	  The	  wild	  barley	  (H.	  vulgare	  
ssp.	  spontaneum)	  strain	  OUH602	  was	  obtained	  from	  Research	  Institute	  for	  
Bioresources,	  Okayama	  University,	  Kurashiki,	  and	  used	  to	  generate	  a	  population	  of	  186	  
F7	  RILs	  from	  the	  cross	  OUH602	  x	  KNG.	  A	  set	  of	  chromosome	  addition	  lines	  (CALs),	  in	  
which	  six	  of	  barley	  cv.	  Betzes	  chromosomes	  (2H-­‐7H)	  are	  present,	  in	  turn,	  in	  a	  
background	  of	  bread	  wheat	  cv.	  Chinese	  Spring	  (Pourkheirandish	  et	  al.,	  2007)	  were	  
kindly	  provided	  by	  Dr.	  A.	  K.	  M.	  R.	  Islam,	  Department	  of	  Plant	  Science,	  Waite	  Institute,	  
University	  of	  Adelaide,	  Australia.	  
	  
Barley	  full-­‐length	  cDNA	  library	  
Seedling	  shoots	  and	  roots	  of	  cv.	  Haruna	  Nijo	  were	  used	  as	  a	  source	  of	  mRNAs	  
to	  construct	  full-­‐length	  cDNA	  libraries,	  following	  the	  methods	  described	  by	  (Shepherd	  
&	  Islam,	  1981).	  A	  sample	  of	  clones	  was	  end-­‐sequenced	  (both	  5’-­‐and	  3’-­‐).	  A	  detailed	  
description	  of	  this	  library	  and	  its	  construction	  will	  appear	  elsewhere.	  
	  
Searching	  for	  Vrs1	  orthologues	  in	  Poaceae	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Nucleotide-­‐BLAST	  (BLASTN),	  protein-­‐protein	  BLAST	  (BLASTP),	  and	  translated	  
nucleotide-­‐protein	  BLAST	  (TBLASTN)	  searches	  were	  made	  against	  the	  following	  
sequence	  databases:	  barley,	  Barley	  Full	  Length	  cDNA	  End	  Sequence	  Database	  of	  NIAS	  
(unpublished);	  rice,	  Rice	  Annotation	  Project	  Database	  (http://rapdb.dna.affrc.go.jp/)	  
and	  The	  Institute	  for	  Genomic	  Research	  (TIGR)	  Rice	  genome	  annotation	  
(http://rice.plantbiology.msu.edu/);	  maize,	  MaizeSequence.org	  
(http://www.maizesequence.org/index.html);	  sorghum,	  Department	  of	  Energy	  Joint	  
Genome	  Institute	  (JGI)	  Sorghum	  bicolor	  
(http://genome.jgi-­‐psf.org/Sorbi1/Sorbi1.download.html);	  B.	  distachyon,	  
BRACHYPODIUM.ORG	  (http://www.brachypodium.org/);	  wheat,	  TIGR	  Wheat	  Genome	  
database	  (http://www.tigr.org/tdb/e2k1/tae1/),	  and	  NCBI	  
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).	  
	  
Phylogenetic	  and	  peptide	  motif	  analysis	  
Sequence	  data	  were	  aligned	  using	  ClustalW2	  software	  
(http://www.ebi.ac.uk/Tools/clustalw2/).	  A	  phylogenetic	  tree	  was	  constructed	  by	  the	  
neighbor-­‐joining	  method,	  using	  PAUP	  4.0b10	  software	  (Sinauer	  Associates,	  Inc.	  
Publishers,	  Sunderland,	  Massachusetts)	  employing	  100	  boot-­‐strap	  replicates.	  
Insertion/deletion	  characters	  were	  not	  included.	  Peptide	  motifs	  were	  analyzed	  using	  
the	  Surveyed	  conserved	  motif	  ALignment	  diagram	  and	  the	  Associating	  Dendrogram	  
(SALAD)	  database	  (http://salad.dna.affrc.go.jp/salad/en/	  )	  (Mihara	  et	  al.	  2008).	  A	  
graphical	  display	  of	  motif	  composition	  was	  constructed	  using	  Interactive	  SALAD	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analysis.	  
	  
Barley	  ESTs	  data	  
Barley	  ESTs	  giving	  the	  best	  match	  to	  rice	  genes	  on	  chromosome	  7	  were	  
selected	  from	  the	  Gramene	  database	  
(http://www.gramene.org/Oryza_sativa_japonica/index.html).	  The	  copy	  number	  of	  
each	  EST	  was	  investigated	  using	  Plant	  Repeat	  Database	  at	  Michigan	  State	  University	  
(http://plantrepeats.plantbiology.msu.edu/index.html).	  Exon–intron	  junctions	  were	  
assumed	  to	  be	  conserved	  between	  rice	  and	  barley,	  and	  were	  extracted	  from	  NCBI	  
BLAST	  2	  SEQUENCES	  (http://blast.ncbi.nlm.nih.gov/bl2seq/wblast2.cgi).	   	  
	  
PCR	  amplification	  
Plant	  genomic	  DNA	  was	  extracted	  as	  described	  by	  (Carninci	  et	  al.,	  1996).	  PCR	  
primers	  were	  designed	  from	  the	  predicted	  exon	  regions	  with	  Oligo5	  software	  (W.	  
Rychlick,	  National	  Bioscience,	  Plymouth,	  MN,	  USA)	  and	  synthesized	  commercially	  (BEX,	  
Tokyo,	  Japan)	  (Supplementary	  Table	  2-­‐2).	  PCR	  amplification	  was	  carried	  out	  in	  10ul	  
reactions	  containing	  0.25U	  ExTaq	  polymerase	  (Takara,	  Tokyo,	  Japan),	  1x	  ExTaq	  
polymerase	  buffer,	  0.3uM	  of	  each	  primer,	  200uM	  dNTP,	  2mM	  MgCl2,	  0-­‐5%	  v/v	  
dimethyl	  sulphoxide	  (DMSO),	  and	  20ng	  genomic	  DNA.	  Each	  PCR	  was	  cycled	  through	  a	  
denaturation	  step	  (94oC	  /	  5	  min),	  followed	  by	  30	  cycles	  of	  94oC	  /	  30sec,	  55-­‐65oC	  
(primer-­‐dependent)	  /	  30sec,	  72oC	  /	  30-­‐90sec	  with	  a	  final	  incubation	  of	  72oC	  /	  7min.	  
Amplicons	  were	  electrophoresed	  through	  either	  agarose	  (Agarose	  ME,	  Iwai	  Kagaku,	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Tokyo,	  Japan)	  or	  a	  MetaPhor	  agarose	  (Cambrex	  Bio	  Science	  Rockland	  Inc.,	  Rockland,	  
MA,	  USA)	  gels,	  depending	  on	  their	  size,	  and	  were	  visualized	  by	  ethidum	  bromide	  
staining.	  
	  
Development	  of	  CAPS	  and	  dCAPS	  markers	  
PCR	  products	  were	  purified	  using	  the	  QIAquick	  PCR	  purification	  Kit	  (Qiagen,	  
Germantown,	  MD,	  USA)	  and	  subjected	  to	  cycle	  sequencing	  using	  a	  Big	  Dye	  Terminator	  
Kit	  (Applied	  Biosystem,	  Foster,	  CA,	  USA).	  Sequencing	  reactions	  were	  purified	  by	  
Agencourt	  CleanSEQ	  (Beckman,	  Beverly,	  MA,	  USA),	  and	  analyzed	  with	  an	  ABI	  prism	  
3130	  genetic	  analyzer	  (Applied	  Biosystem).	  Sequence	  data	  were	  aligned	  by	  Sequencher	  
DNA	  Sequencing	  Software	  (HitachiSoft,	  Yokohama,	  Japan).	  Polymorphic	  restriction	  
sites	  were	  identified	  via	  the	  Restriction	  Maps	  option	  of	  Molecular	  Toolkit	  
(http://arbl.cvmbs.colostate.edu/molkit/mapper/)	  or	  with	  dCAPS	  Finder	  2.0	  
(http://helix.wustl.edu/dcaps/dcaps.html).	  PCR	  products	  were	  digested	  at	  the	  
recommended	  temperature	  for	  2-­‐3h	  in	  reactions	  of	  15	  ul	  of	  reaction	  mixture	  
containing	  10ul	  PCR	  products,	  1x	  reaction	  buffer,	  and	  1U	  restriction	  enzyme.	  
	   	  
Genetic	  mapping	  
The	  AZ	  x	  KNG	  and	  OUH602	  x	  KNG	  RILs	  population	  were	  genotyped	  using	  
polymorphic	  CAPS	  and	  dCAPS	  markers,	  and	  MAPMAKER/EXP	  ver.3.0	  (Komatsuda	  et	  al.,	  
1998)	  was	  used	  to	  integrate	  the	  resulting	  loci	  into	  the	  linkage	  map	  constructed	  by	  
(Lander	  et	  al.,	  1987).	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RNA	  extraction	  and	  RT-­‐PCR	  assay	  
Total	  RNA	  was	  extracted	  from	  various	  tissues	  by	  using	  TRIzol	  (Invitrogen,	  
Carlsbad,	  CA).	  A	  first-­‐strand	  cDNA	  was	  synthesized	  with	  SuperScript	  II	  (Invitrogen).	  The	  
first-­‐strand	  cDNA	  was	  used	  as	  a	  template,	  and	  amplification	  was	  performed	  for	  30	  or	  
40	  PCR	  cycles	  (1	  min	  at	  94oC,	  30	  sec	  at	  60/	  65oC,	  30	  sec	  at	  72oC)	  followed	  by	  7	  min	  at	  
72oC.	  The	  primers	  for	  HvHox2	  were	  5’-­‐GCGTGGTCGAGTGGTTTAGCCTGT-­‐3’	  (sense)	  and	  
5’-­‐GAGAGCTACCGGTACTACACTTGC-­‐	  3’	  (antisense).	  Vrs1	  primers	  were	  
5’-­‐GGTTTTTAGCATGAATTAGAGTTTA-­‐3’	  (sense)	  and	  
5’-­‐TATACAGGCTAAAAACCAAAGATTA-­‐	  3’	  (antisense).	  Actin	  primers	  were	  
5’-­‐GTCCTTTTCCAGCCATCTTTC-­‐	  3’	  (sense)	  and	  5’-­‐CAAGAATCGACCCTCCAATCC-­‐3’	  
(antisense).	  RT-­‐PCR	  assay	  was	  performed	  at	  least	  twice	  for	  each	  sample.	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Results	  
	  
Identification	  of	  a	  Vrs1	  paralogue	  in	  barley	  
The	  best	  hit	  (E-­‐value:	  e–110)	  from	  a	  BLASTN	  search	  based	  on	  the	  Vrs1	  cDNA	  
sequence	  (accession	  no.	  AB259783)	  as	  a	  query	  was	  the	  barley	  full	  length	  cDNA	  clone	  
Hv2074A10	  (accession	  no.	  AB490233)	  extracted	  from	  the	  seedling	  shoots	  and	  root	  of	  
cv.	  Haruna	  Nijo	  (NIAS	  barley	  database).	  Four	  lesser	  hits	  (E-­‐values	  <	  e–10)	  were	  also	  
identified	  from	  the	  same	  library.	  The	  search	  using	  Vrs1	  HD-­‐Zip	  coding	  region	  as	  the	  
query	  sequence	  hit	  three	  entries	  (E-­‐values	  <	  e–10)	  in	  the	  same	  database.	  Vrs1	  and	  
Hv2074A10	  shared	  an	  identical	  exon/intron	  structure	  (Supplementary	  Figure	  2-­‐1).	  The	  
second	  and	  third	  exons	  of	  both	  genes	  contained	  homeodomain-­‐leucine	  zipper	  motif.	  
As	  a	  result,	  the	  Hv2074A10	  was	  named	  “HvHox2”.	  Alignment	  of	  the	  Vrs1	  and	  HvHox2	  
cDNA	  sequences	  identified	  a	  300bp	  insertion	  in	  Vrs1	  and	  a	  44bp	  insertion	  in	  the	  third	  
exon	  of	  HvHox2	  (Supplementary	  Figure	  2-­‐2).	  Neither	  the	  300bp	  nor	  the	  44bp	  
sequences	  were	  homologous	  to	  any	  accession	  in	  the	  public	  domain.	  The	  Vrs1	  insertion	  
resulted	  in	  the	  generation	  of	  a	  stop	  codon,	  producing	  a	  polypeptide	  14	  residues	  
shorter	  than	  the	  HvHox2	  product	  (Supplementary	  Figure	  2-­‐3).	  The	  deduced	  
polypeptide	  sequences	  of	  the	  HvHox2	  (HvHOX2,	  236	  aa)	  and	  Vrs1	  (VRS1,	  222	  aa)	  
shared	  88%	  identity	  in	  the	  HD-­‐Zip	  domain	  and	  84%	  identity	  in	  the	  whole	  protein.	    
 
Identification	  of	  Vrs1	  homologues	  in	  the	  Poaceae	  
The	  Vrs1	  cDNA	  sequence	  was	  used	  to	  query	  each	  species	  database	  in	  turn.	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Vrs1	  homologues	  were	  present	  in	  rice	  (Os07g0581700,	  Oshox14),	  B.	  distachyon	  
(Bradi1g23460.1),	  sorghum	  (Sb02g03750),	  and	  maize	  (AC216056.2_FG006	  and	  
AC187394.3_FG016).	  The	  presence	  of	  two	  (rather	  than	  just	  one)	  Vrs1	  homologues	  in	  
maize	  probably	  reflects	  the	  cryptic	  tetraploidy	  of	  the	  maize	  genome	  (Komatsuda	  &	  
Tanno,	  2004;	  Paterson	  et	  al.,	  2004;	  Swigonova	  et	  al.,	  2004).	  BLASTN	  search	  using	  
HvHox2	  as	  the	  query	  sequence	  produced	  the	  same	  hits.	  All	  the	  Vrs1	  homologues	  
contained	  an	  HD-­‐Zip	  motif	  (Supplementary	  Figure	  2-­‐3).	  
	  
Phylogenetic	  analysis	  of	  VRS1	  homologues	  
Polypeptide	  sequences	  matching	  that	  of	  VRS1	  were	  selected	  by	  BLASTP	  or	  
TBLASTN	  search	  against	  the	  wheat,	  B.	  distachyon,	  rice,	  sorghum,	  and	  maize	  databases	  
(Supplementary	  Table	  2-­‐1).	  The	  top	  five	  sequences	  with	  significant	  similarity	  to	  VRS1	  
were	  selected	  from	  each	  taxon	  to	  form	  a	  phylogenetic	  tree.	  Arabidopsis	  thaliana	  
HD-­‐Zip	  family	  (classes	  I-­‐IV)	  proteins	  were	  included	  to	  infer	  the	  class	  to	  which	  the	  
Poaceae	  proteins	  belonged.	  The	  resulting	  neighbour-­‐joining	  tree	  showed	  a	  clear	  
separation	  of	  the	  four	  families	  of	  HD-­‐Zip	  families,	  with	  each	  clad	  being	  strongly	  
supported	  by	  bootstrap	  analysis	  (Figure	  2-­‐1).	  All	  the	  VRS1	  homologues	  clustered	  within	  
the	  HD-­‐Zip	  I	  family	  (along	  with	  A.	  thaliana	  ATHB40,	  ATHB21	  and	  ATHB53),	  suggesting	  
that	  these	  sequences	  are	  orthologous.	  The	  high	  degree	  of	  similarity	  between	  VRS1	  and	  
HvHOX2	  (bootstrap	  support	  level	  88%)	  suggests	  that	  they	  became	  separated	  from	  one	  
another	  after	  the	  separation	  of	  barley	  (Figure	  2-­‐1).	  The	  sister	  clad,	  containing	  the	  rice,	  
B.	  distachyon,	  wheat,	  sorghum	  and	  maize	  sequences,	  was	  also	  highly	  supported	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(100%).	  The	  peptide	  motifs	  1	  and	  7	  within	  VRS1	  form	  the	  homeodomain	  and	  motif	  2	  
forms	  the	  leucine	  zipper	  (Figure	  2-­‐2).	  Motif	  3,	  4	  and	  6	  were	  highly	  conserved	  across	  all	  
the	  orthologues	  (Supplementary	  Figure	  2-­‐4)	  –	  their	  function	  is	  unknown.	  Motif	  8,	  in	  
the	  C-­‐terminal	  region	  of	  the	  gene,	  was	  highly	  conserved	  across	  all	  the	  non-­‐barley	  
orthologues	  and	  HvHOX2,	  but	  not	  in	  VRS1	  (Figure	  2-­‐2).	  Thus,	  we	  concluded	  that	  
HvHox2,	  rather	  than	  Vrs1,	  is	  probably	  the	  original	  representative	  of	  the	  gene	  in	  barley.	  
	  
Genetic	  mapping	  of	  HvHox2	  in	  barley	  
HvHox2	  mapped	  27.1cM	  from	  vrs1	  on	  chromosome	  2H	  (OUH602	  x	  KNG)	  
(Figure	  2-­‐3).	  A	  more	  saturated	  map	  of	  the	  HvHox2	  region	  was	  obtained	  by	  including	  
the	  loci	  corresponding	  to	  24	  barley	  ESTs	  with	  homology	  to	  rice	  genes	  in	  the	  
chromosome	  7	  containing	  the	  rice	  HvHox2	  orthologue	  Oshox14	  (syn.	  Os07g0581700).	  
PCR	  primers	  targeting	  the	  predicted	  exon	  regions	  generated	  a	  single	  PCR	  product	  for	  
20	  of	  these	  24	  ESTs	  (Supplementary	  Table	  2-­‐2).	  CALs	  analysis	  assigned	  eight	  of	  20	  to	  
chromosome	  2H,	  with	  the	  remaining	  12	  non-­‐assigned,	  because	  the	  wheat	  and	  barley	  
amplicons	  co-­‐migrated	  on	  the	  gels.	  The	  OUH602	  and	  KNG	  amplicon	  sequence	  differed	  
for	  ten	  of	  the	  EST	  sequences,	  but	  in	  the	  contrast	  between	  AZ	  and	  KNG,	  only	  one	  
amplicon	  sequence	  was	  polymorphic.	  Based	  on	  the	  OUH602	  x	  KNG	  RILs,	  five	  of	  the	  loci	  
co-­‐segregated	  with	  HvHox2,	  mapping	  to	  a	  location	  0.6cM	  proximal	  to	  the	  AV924741	  
and	  3.7cM	  proximal	  to	  ABG602	  on	  the	  short	  arm	  of	  chromosome	  2H	  (Figure	  2-­‐3).	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Micro-­‐collinearity	  in	  the	  Poaceae	  
The	  outcome	  of	  a	  study	  of	  fine-­‐scale	  micro-­‐collinerity	  in	  the	  HvHox2	  
homologue	  region	  between	  rice	  chromosome	  7	  and	  B.	  distachyon	  Bd.	  1	  is	  shown	  in	  
Supplementary	  Table	  2-­‐3.	  A	  series	  of	  BLASTN	  searches	  based	  on	  rice	  cDNA	  queries	  
showed	  that	  both	  gene	  contents	  and	  orthologues	  order	  was	  well	  conserved	  between	  
these	  two	  species	  (Figure	  2-­‐3).	  Similarly,	  micro-­‐collinearity	  in	  the	  HvHox2	  region	  was	  
conserved	  between	  rice	  chromosome	  7,	  sorghum	  chromosome	  6,	  and	  maize	  
chromosomes	  2S	  and	  10	  (Figure	  2-­‐3).	  Micro-­‐collinearity	  was	  also	  conserved	  in	  the	  Vrs1	  
region	  (rice	  chromosome	  4,	  B.	  distachyon	  Bd.	  5,	  sorghum	  chromosome	  2	  and	  maize	  
chromosome	  2L	  and	  7	  –	  See	  Figure	  2-­‐3).	  However,	  there	  were	  no	  Vrs1	  orthologues	  
present	  in	  this	  region	  in	  any	  of	  these	  species.	   	  
	  
Expression	  analysis	  of	  HvHox2	  and	  Vrs1	  
RT-­‐PCR	  analysis	  showed	  that	  HvHox2	  was	  expressed	  in	  all	  four	  organs	  tested	  
(leaves,	  shoots	  and	  roots	  of	  the	  seedlings,	  and	  immature	  inflorescences	  in	  5	  mm	  long)	  
(Figure	  2-­‐4).	  Vrs1	  was	  strongly	  expressed	  in	  the	  immature	  inflorescences	  but	  slightly	  or	  
not	  expressed	  in	  the	  other	  organs.	  There	  was	  no	  difference	  of	  gene	  expression	  pattern	  
between	  AZ	  and	  KNG.	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Discussion	  
	  
A	  duplication	  of	  HvHox2	  gave	  rise	  to	  Vrs1	  
Micro-­‐collinearity	  can	  be	  disrupted	  by	  inversion,	  tandem	  duplication,	  indel	  
formation	  or	  transposition	  (Wei	  et	  al.,	  2007).	  Two	  alternative	  hypotheses	  have	  been	  
proposed	  to	  account	  for	  the	  loss	  of	  micro-­‐collinearity	  between	  barley	  and	  rice	  in	  the	  
Vrs1	  region:	  (1)	  the	  chromosomal	  segment	  containing	  Vrs1	  was	  transposed	  from	  the	  
short	  arm	  to	  the	  long	  arm	  within	  chromosome	  2H;	  or	  (2)	  Vrs1	  evolved	  from	  a	  copy	  of	  
an	  indispensable	  master	  gene,	  which	  is	  still	  present	  in	  its	  ancestral	  location	  on	  
chromosome	  2H	  (Devos,	  2005).	  The	  results	  of	  the	  present	  study	  are	  supportive	  of	  the	  
latter	  hypothesis,	  since	  the	  phylogenetic	  analysis	  suggested	  that	  HvHox2	  and	  Vrs1	  are	  
paralogue	  (Figure	  2-­‐1),	  while	  the	  comparative	  genetic	  mapping	  showed	  that	  the	  
ancestral	  copy	  is	  HvHox2,	  not	  Vrs1	  (Figure	  2-­‐3).	  The	  duplication	  of	  HvHox2	  must	  have	  
occurred	  after	  the	  separation	  of	  B.	  distachyon	  from	  the	  Pooideae	  (Figure	  2-­‐1),	  an	  event	  
which	  has	  been	  timed	  at	  ~35-­‐40	  million	  years	  ago	  (Pourkheirandish	  et	  al.,	  2007).	  It	  
seems	  probable	  that	  HvHox2	  and	  Vrs1	  diverged	  after	  the	  split	  between	  Triticum	  and	  
Hordeum,	  because	  no	  Vrs1	  homologue	  is	  represented	  in	  the	  wheat	  EST	  database,	  
whereas	  a	  wheat	  HvHox2	  orthologue	  has	  been	  identified.	  Vrs1	  is	  present	  in	  H.	  vulgare	  
ssp.	  spontaneum	  (Komatsuda	  et	  al.	  2007;	  this	  study)	  and	  H.	  bulbosum	  (M.	  
Pourkheirandish	  et	  al.	  unpublished)	  but	  until	  its	  distribution	  among	  Hordeum	  spp.	  
more	  generally	  has	  been	  established,	  it	  is	  not	  possible	  to	  estimate	  how	  early	  during	  
the	  evolution	  of	  this	  tribe	  the	  duplication	  event	  occurred.	  Although	  it	  is	  not	  possible	  to	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exclude	  the	  possibility	  of	  the	  'duplicated'	  Vrs1	  pseudogene	  formation	  in	  process	  of	  the	  
speciation	  in	  the	  other	  taxa	  of	  Poaceae,	  a	  BLAST	  search	  did	  not	  detect	  any	  
pseudogenes	  located	  in	  the	  Vrs1	  region	  in	  other	  species	  (Figure	  2-­‐3,	  Supplementary	  
Table	  2-­‐4).	  
	  
The	  HvHox2	  sequence	  is	  highly	  conserved	  among	  the	  Poaceae	  
The	  HD-­‐Zip	  I	  genes	  share	  intron	  and	  exon	  distribution	  (Catalan	  &	  Olmstead,	  
2000),	  and	  HvHox2	  and	  its	  Poaceae	  orthologues	  have	  a	  similar	  genomic	  structure,	  
including	  HD-­‐Zip	  motif	  and	  peptide	  motifs	  (Figure	  2-­‐2).	  The	  expression	  of	  HD-­‐Zip	  I	  
genes	  is	  regulated	  by	  drought,	  cold,	  and	  osmotic	  stresses,	  and	  by	  various	  hormones	  
(Himmelbach	  et	  al.,	  2002;	  Olsson	  et	  al.,	  2004;	  Dezar	  et	  al.,	  2005;	  Ariel	  et	  al.,	  2007).	  
Treatment	  of	  A.	  thaliana	  plants	  with	  either	  abscisic	  acid	  or	  salt	  increased	  the	  
transcription	  of	  ATHB21,	  -­‐40,	  -­‐53	  genes	  which	  are	  phylogenetically	  closest	  to	  the	  
HvHox2	  (Figure	  2-­‐1).	  Most	  HD-­‐Zip	  genes	  (including	  the	  three	  above)	  are	  expressed	  (in	  
seedlings,	  roots,	  leaves,	  stems,	  and	  flowers),	  but	  a	  few	  show	  organ-­‐specific	  patterns	  of	  
expression	  (Rueda	  et	  al.,	  2005;	  Agalou	  et	  al.,	  2008).	  HvHox2	  was	  expressed	  in	  the	  
leaves,	  shoots,	  roots,	  and	  immature	  inflorescences,	  while	  Vrs1	  was	  expressed	  only	  in	  
the	  immature	  inflorescences	  (Figure	  2-­‐4).	  In	  situ	  hybridization	  showed	  that	  Vrs1	  
expression	  was	  very	  much	  localized	  to	  the	  lateral-­‐spikelet	  primordia	  in	  spikes	  at	  the	  
triple-­‐mound	  stage	  and	  glum-­‐primordium	  stages	  (Henriksson	  et	  al.,	  2005),	  with	  zero	  
detectable	  expression	  in	  young	  leaves	  (Figure	  2-­‐4).	  While	  HvHox2	  and	  Vrs1	  may	  
regulate	  a	  wholly	  or	  partially	  overlapping	  set	  of	  downstream	  genes,	  their	  biological	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functions	  may	  have	  been	  differentiated	  by	  their	  expression	  profile.	  On	  the	  basis	  of	  
polypeptide	  sequences,	  it	  seems	  likely	  that	  the	  molecular	  role	  of	  HvHox2	  and	  its	  
Poaceae	  orthologues	  is	  identical.	  Within	  barley	  itself,	  the	  genome	  sequence	  of	  HvHox2	  
(accession	  no.	  AB490234)	  in	  the	  two-­‐rowed	  type	  (KNG	  and	  Haruna	  Nijo)	  is	  the	  same	  as	  
that	  in	  the	  six-­‐rowed	  type	  (AZ	  and	  Morex)	  (Supplementary	  Figure	  2-­‐1),	  whereas	  the	  
Vrs1	  sequence	  is	  remarkably	  variable	  among	  these	  same	  cultivars	  (Komatsuda	  et	  al.,	  
2007).	  The	  lack	  of	  a	  Oshox14	  mutant	  in	  the	  Tos17	  insertion	  mutant	  collection	  
(Komatsuda	  et	  al.,	  2007)	  does	  not	  contradict	  with	  the	  notion	  that	  HvHox2	  is	  essential	  
for	  plant	  growth	  and	  development	  in	  the	  cereals.	  In	  contrast,	  the	  loss	  of	  Vrs1	  function	  
both	  in	  natural	  variants,	  and	  in	  many	  induced	  mutants	  (including	  the	  total	  deletion	  of	  
the	  gene)	  indicates	  that	  Vrs1	  is	  non-­‐essential	  for	  plant	  growth	  and	  development	  
(Hirochika,	  2001).	   	  
	  
Neo-­‐functionalization	  of	  Vrs1	  
Gene	  duplication	  is	  closely	  associated	  with	  creation	  of	  novel	  gene	  functions	  
(Komatsuda	  et	  al.,	  2007).	  Most	  paralogues	  are	  lost	  after	  few	  million	  years,	  but	  those	  
which	  either	  gain	  a	  new	  function	  (“neo-­‐functionalization”)	  or	  cover	  old	  function	  
(“sub-­‐functionalization”)	  survive.	  In	  rice,	  the	  two	  C-­‐class	  MADS	  box	  genes	  OSMADS3	  
and	  OSMADS58,	  which	  were	  generated	  by	  a	  gene	  duplication,	  have	  been	  partially	  
sub-­‐functionalized	  (Force	  et	  al.,	  1999).	  While	  HvHox2	  probably	  has	  retained	  its	  
ancestral	  functions,	  Vrs1	  may	  have	  acquired	  the	  role	  of	  suppressing	  the	  lateral	  spikelet	  
development	  (Figure	  2-­‐4).	  Vrs1	  expression	  was	  localized	  to	  the	  lateral-­‐spikelet	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primordia	  (Yamaguchi	  et	  al.,	  2006).	  Presumably,	  this	  phenotype	  is	  associated	  with	  a	  
selective	  advantage	  in	  nature	  (Komatsuda	  et	  al.,	  2007).	  It	  is	  unclear,	  however,	  whether	  
the	  recruitment	  of	  Vrs1	  to	  its	  present	  function	  occurred	  before	  or	  after	  the	  gain	  of	  the	  
triplet	  in	  Hordeum.	  
HD-­‐Zip	  proteins	  form	  dimers	  that	  recognize	  the	  pseudo-­‐palindromic	  DNA	  
sequence	  (Chan	  et	  al.,	  1998;	  Palena	  et	  al.,	  1999;	  Pourkheirandish	  &	  Komatsuda,	  2007).	  
Two	  residues	  in	  helix	  II,	  and	  one	  in	  the	  loop	  between	  helix	  I	  and	  helix	  II	  make	  contact	  
with	  the	  target	  DNA	  (Palena	  et	  al.,	  2001),	  and	  these	  contacts	  are	  critical	  for	  aligning	  
the	  recognition	  helix	  correctly.	  In	  the	  VRS1	  protein,	  the	  glycine	  84	  and	  histidine	  88	  
residues	  present	  in	  the	  helix	  II	  region	  of	  HvHOX2	  and	  its	  Poaceae	  orthologues	  have	  
been	  mutated	  to	  alanine	  84	  and	  tyrosine	  88	  respectively	  (Figure	  2-­‐2).	  One,	  or	  both	  of	  
these	  alterations	  may	  change	  either	  binding	  affinity	  or	  the	  target	  DNA	  sequence.	  
However,	  if	  HvHOX2	  and	  VRS1	  still	  share	  the	  same	  target	  DNA	  sequence	  and	  retain	  the	  
same	  level	  of	  affinity,	  it	  is	  possible	  that	  VRS1	  competes	  with	  HvHOX2	  to	  bind	  to	  
cis-­‐elements	  of	  downstream	  genes.	  Since	  Vrs1	  is	  expressed	  only	  in	  the	  lateral	  spikelet	  
primordia,	  VRS1	  would	  tend	  to	  out-­‐compete	  HvHOX2	  for	  binding	  in	  the	  lateral	  spikelet	  
primordia.	  The	  300bp	  insertion	  into	  the	  Vrs1	  sequence	  both	  introduced	  a	  new	  stop	  
codon	  (Supplementary	  Figure	  2-­‐3)	  and	  removed	  a	  conserved	  peptide	  in	  motif	  8	  in	  the	  
C-­‐terminal	  region	  (Figure	  2-­‐2).	  The	  role	  of	  the	  motif	  8	  is	  not	  annotated	  in	  the	  Protein	  
family	  (Pfam)	  database	  (http://pfam.sanger.ac.uk/),	  but	  its	  loss	  may	  be	  sufficient	  to	  
differentiate	  the	  functions	  of	  the	  Vrs1	  and	  HvHox2	  gene	  products.	  Transcriptional	  
co-­‐activators	  enhance	  transcription	  by	  interacting	  with	  both	  general	  and	  gene-­‐specific	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transcription	  factors	  (Tron	  et	  al.,	  2004).	  Thus,	  motif	  8	  in	  HvHOX2	  could	  interact	  with	  
certain	  classes	  of	  transcriptional	  co-­‐activators,	  and	  then	  act	  as	  an	  activator	  for	  the	  
transcription	  of	  downstream	  genes,	  while	  VRS1	  would	  not	  be	  able	  to	  replicate	  this	  
interaction	  as	  it	  lacks	  motif	  8.	  The	  formation	  of	  HvHOX2	  /	  VRS1	  heterodimers	  may	  
reduce	  the	  concentration	  of	  HvHOX2	  homodimer	  in	  the	  cell.	  None	  of	  the	  above	  three	  
hypotheses	  are	  mutually	  exclusive,	  so	  may	  be	  combined	  to	  explain	  the	  function	  of	  Vrs1.
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Summary	  
	  
Three	  spikelets	  are	  formed	  at	  each	  rachis	  node	  of	  the	  cultivated	  barley	  
(Hordeum	  vulgare	  ssp.	  vulgare)	  spike.	  In	  two-­‐rowed	  barley,	  the	  central	  one	  is	  fertile	  
and	  the	  two	  lateral	  ones	  are	  sterile,	  whereas	  in	  the	  six-­‐rowed	  type,	  all	  three	  are	  fertile.	  
This	  characteristic	  is	  determined	  by	  the	  allelic	  constitution	  at	  the	  six-­‐rowed	  spike	  1	  
(vrs1)	  locus	  on	  the	  long	  arm	  of	  chromosome	  2H,	  with	  the	  recessive	  allele	  (vrs1)	  being	  
responsible	  for	  the	  six-­‐rowed	  phenotype.	  The	  Vrs1	  (HvHox1)	  gene	  encodes	  a	  
homeodomain-­‐leucine	  zipper	  (HD-­‐Zip)	  transcription	  factor.	  Here	  we	  show	  that	  the	  
Vrs1	  gene	  evolved	  in	  the	  Poaceae	  via	  a	  duplication,	  with	  a	  second	  copy	  of	  the	  gene,	  
HvHox2,	  present	  on	  the	  short	  arm	  of	  chromosome	  2H.	  Micro-­‐collinearity	  and	  
polypeptide	  sequences	  were	  both	  well	  conserved	  between	  HvHox2	  and	  its	  Poaceae	  
orthologues,	  but	  Vrs1	  is	  unique	  to	  the	  barley	  tribe.	  The	  Vrs1	  gene	  product	  lacks	  a	  motif	  
which	  is	  conserved	  among	  the	  HvHox2	  orthologues.	  A	  phylogenetic	  analysis	  
demonstrated	  that	  Vrs1	  and	  HvHox2	  must	  have	  diverged	  after	  the	  separation	  of	  
Brachypodium	  distachyon	  from	  the	  Pooideae.	  and	  suggests	  that	  Vrs1	  arose	  following	  
the	  duplication	  of	  HvHox2,	  and	  acquired	  its	  new	  function	  during	  the	  evolution	  of	  the	  
barley	  tribe.	  HvHox2	  was	  expressed	  in	  all	  organs	  examined	  but	  Vrs1	  was	  
predominantly	  expressed	  in	  immature	  inflorescence.	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Figure	  2-­‐1.	  Phylogenetic	  analysis	  of	  the	  predicted	  peptide	  sequences	  of	  the	  Vrs1	  
homologues	  among	  the	  Poaceae	  and	  HD-­‐Zip	  family	  genes	  in	  A.	  thaliana.	  The	  
phylogenetic	  tree	  was	  constructed	  by	  the	  neighbor-­‐joining	  method	  using	  PAUP	  4.0b10.	  
Local	  bootstrap	  values	  after	  100	  replicates	  are	  indicated	  near	  the	  branching	  points.	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Figure	  2-­‐2.	  Comparison	  between	  the	  deduced	  peptide	  sequences	  of	  VRS1,	  HvHOX2	  
and	  its	  Poaceae	  orthologues.	  The	  three	  homeodomain	  helical	  sequences	  are	  shown	  
boxed,	  and	  a	  leucine	  zipper	  is	  indicaed	  by	  staring	  and	  underlining.	  Hyphens	  indicate	  a	  
gap	  introduced	  to	  facilitate	  alignment.	  Coloured	  boxes	  show	  the	  motifs.	  Asterisks	  show	  
the	  position	  of	  Ala	  84	  (A)	  and	  Tyr	  88	  (Y)	  in	  VRS1.	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Figure	  2-­‐3.	  Micro-­‐collinearity	  among	  the	  Poaceae	  in	  the	  Vrs1	  and	  HvHox2	  regions.	   	  
The	  maps	  of	  Brachypodium,	  rice,	  sorghum,	  and	  maize	  are	  physical,	  and	  barley	  genetical.	  Dotted	  lines	  connect	  barley	  
markers	  with	  their	  Poaceae	  orthologues.	  Broken	  lines	  connect	  HvHox2	  with	  their	  Poaceae	  orthologues.	  In	  the	  barley	  
genetic	  maps,	  OUH602	  x	  KNG	  (left),	  AZ	  x	  KNG	  (right),	  markers	  shown	  in	  italics	  are	  PCR	  marked	  loci	  derived	  from	  
RFLPs	  and	  AFLPs,	  while	  other	  markers	  are	  EST-­‐derived.	  Markers	  with	  'BC'	  denote	  barley	  EST	  clusters:	  BC15586	  
(CB872532	  and	  CA025026),	  BC11013	  (BF064588	  and	  BJ453556),	  BC12348	  (AJ468022	  and	  CB881790),	  BC12063	  
(BU973565	  and	  BU987455),	  BC14030	  (CA005338	  and	  CA019164),	  BC17525	  (AJ486478	  and	  BQ664265),	  BC09675	  
(AV920420and	  BM100120)	  and	  BC02453	  (BM816591)	  (Zanetti	  et	  al.,	  2004).	  Scale	  bar	  shows	  1	  Mb.	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Figure	  2-­‐4.	  Expression	  analysis	  of	  HvHox2	  and	  Vrs1	  by	  RT-­‐PCR.	   	  
SP,	  immature	  inflorescence	  (5mm	  in	  lenght);	  L,	  leaves	  of	  seedling;	  M:	  coleoptile	  node	  
segment	  of	  seedling;	  R,	  roots	  of	  seedling.	  A,	  six-­‐rowed	  barley	  cv.	  Azumamugi;	  K,	  
two-­‐rowed	  barley	  cv.	  Kanto	  Nakate	  Gold.	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Supplementary	  Figure	  2-­‐1.	  The	  structure	  of	  HvHox2.	   	  
The	  translated	  bases	  are	  126-­‐186,	  327-­‐682,	  and	  784-­‐1077bp	  and	  the	  deduced	  polypeptide	  consists	  236	  residues.	  Intron	  sequences	  
are	  underlined,	  and	  the	  homeodomain	  is	  shown	  in	  bold	  font.	  Leucine	  zipper	  motifs	  are	  double	  underlined,	  and	  red	  double	  lines	  
indicate	  the	  insertion	  point	  of	  the	  300bp	  in	  Vrs1.	  The	  stop	  codon	  is	  indicated	  by	  an	  asterisk.	  Genome	  sequence	  of	  HvHox2	  in	  the	  
two-­‐rowed	  type	  (KNG	  and	  Haruna	  Nijo)	  and	  six-­‐rowed	  type	  (AZ	  and	  Morex)	  were	  the	  same	  as	  far	  as	  determined	  for	  the	  region	  
between	  nucleotide	  positions	  86	  to	  1174.	  Accession	  AB490233	  (cDNA)	  and	  AB490234	  (genomic	  DNA).	  
      1  GACGCACTCCCCTCCTTCAACTAGTGCCTTGCGGCCGGTGGTCCTCCTCTCGATCCAGTT  60 
     61  CCTCAACCCACCAACACAAATCACCATCCCTCTTCTCTCCCCTCCTCGGCTCCGAACAGC  120 
    121  AAGGCATGGACAAGCAGCACCTCTTTGGTTGCTCCTACGTGGACGCGCCTTTCTTCGCGG  180 
              M  D  K  Q  H  L  F  G  C  S  Y  V  D  A  P  F  F  A  A 
                
    181  CCACTGGCACGTACGATACGACGTCGGGCGAGCGCGCGCCCGGTGTTTCTTTGCGCATGC  240 
           T  G                                                        
          
    241  GATGATGCAGCTGCAGGAGTTTCAGTTTCACCGGCCAGGACGCGCATGTGATGCCTTTTT  300 
 
    301  TTCTGATTCCGTTTGTGTATGTGCAGGCACGGCGCAGGGGGAGAGCCGGCCTAGAGCGCG  360 
                                     T  A  Q  G  E  S  R  P  R  A  R  
                                    
    361  GCGCAGGCGGCGGAGGGCTGCGAGATGCGGCGGAGGGGACGGTGACGGCGTGGAGATGGA  420 
          R  R  R  R  R  A  A  R  C  G  G  G  D  G  D  G  V  E  M  D  
            
    421  CGGGGGAGGGGACCCCAAGAAGCGCCGGCTGACCGACGAGCAGGTGGAGGGTCTGGAGCT  480 
          G  G  G  D  P  K  K  R  R  L  T  D  E  Q  V  E  G  L  E  L  
            
    481  GAGCTTCCGGGAGGAGCGCAAGCTGGAGACCGGCCGGAAGGTCCATCTCGCCGCCGAGCT  540 
          S  F  R  E  E  R  K  L  E  T  G  R  K  V  H  L  A  A  E  L  
            
    541  CGGGCTCGACCCCAAGCAGGTCGCCGTGTGGTTCCAGAACCGGCGGGCGCGCCACAAGAG  600 
          G  L  D  P  K  Q  V  A  V  W  F  Q  N  R  R  A  R  H  K  S  
            
    601  CAAGCTTCTCGAGGAGGAGTTCTCCAAGCTCAAGCACGCCCACGATGCGGCCATCCTACA  660 
          K  L  L  E  E  E  F  S  K  L  K  H  A  H  D  A  A  I  L  H  
            
    661  CAAATGCCACCTCGAGAACGAGGTATGCTTGCTCGCACACACTCACACTGCCATACATAT  720 
          K  C  H  L  E  N  E                                        
            
    721  GGCGCCGTACATCATCAATTCCCCTCCGTTCTTGCACAAGCTGGCTGACACACACATGAC  780 
 
    781  CAGGTGCTGAGGCTGAAGGAGCGGCTGGGAGCGACCGAGGAGGAGGTGCGGCGCCTCAGG  840 
            V  L  R  L  K  E  R  L  G  A  T  E  E  E  V  R  R  L  R   
                
    841  TCGGGAGCTGGGAGCCAAGCGGCATCCGGCGACGGCGGAGACGCCGCTGGCGCCGTTGGC  900 
         S  G  A  G  S  Q  A  A  S  G  D  G  G  D  A  A  G  A  V  G   
           
    901  CTGTGCGGAGGGAGCCCGAGCTCGTCCTTCTCGACGGGAACCTGCCAGCAGCATCCTGGT  960 
         L  C  G  G  S  P  S  S  S  F  S  T  G  T  C  Q  Q  H  P  G   
           
    961  TTCAGCGGCGCAGACGTGCTGGGGCCGGACGATGACCTGATGATGTGCGTCCCCGAGTAT  1020 
         F  S  G  A  D  V  L  G  P  D  D  D  L  M  M  C  V  P  E  Y   
          
   1021  GGTGGCTACGTCGATAGCAGCGTGGTCGAGTGGTTTAGCCTGTATGGGCTGATTTGAAAT  1080 
         G  G  Y  V  D  S  S  V  V  E  W  F  S  L  Y  G  L  I  *      
           
   1081  TGAGACGGGCTGGGCATCAACAGCATGCATAATTTGCATATCGATTACTATTCTAGTTAG  1140 
   1141  GCATAGTGTTAATTAAGCTGGGATGATCTGTAGGCGTGCGTGTGTTTAATTATGTAGATA  1200 
   1201  GTGTTGATTAATGGCAAAAGCTTGCAAGCTAGCAAGTGTAGTACCGGTAGCTCTCTTGAA  1260 
   1261  GTTCAGAGACGATGTGTTGTGTTATCATTTGATAGTATATGTTTTACTTCAGC         1313 
 
Supplementary Fig. 1 The structure of HvHox2. The translated bases are 126-186, 327-682, and 784-1077bp and the 
deduced polypeptide consists 236 residues. Intron sequences are underlined, and the homeodomain is shown in bold font. 
Leucine zipper motifs are double underlined, and red double lines indicate the insertion point of the 300bp in Vrs1. The stop 
codon is indicated by an asterisk. Genome sequence of HvHox2 in the two-rowed type (KNG and Haruna Nijo) and six-
rowed type (AZ and Morex) were the same as far as determined for the region between nucleotide positions 86 and 1174. 
Accession AB490233 (cDNA) and AB490234 (genomic DNA). 
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Supplementary	  Figure	  2-­‐2.	  Alignment	  of	  HvHox2	  and	  Vrs1	  cDNA	  sequences.	   	  
Identical	  sequences	  are	  shown	  in	  dot.	  The	  HvHox2	  unique	  sequence	  of	  44	  bp	  is	  shown	  in	  yellow	  and	  Vrs1	  unique	  
sequence	  of	  300	  bp	  is	  shown	  in	  green.	  Deduced	  peptides	  are	  shown	  in	  bold,	  and	  the	  stop	  codon	  with	  an	  asterisks.	  
Primers	  used	  for	  RT-­‐PCR	  were	  shown	  in	  black	  double	  lines	  (HvHox2)	  and	  red	  double	  lines	  (Vrs1).	  
HvHox2       GACGCACTCCCCTCCTTCAACTAGTGCCTTGCGGCCGGTGGTCCTCCTCTCGATCCAGTT 60 
Vrs1         -·························· ········ ······················· 59 
               
HvHox2       CCTCAA------------------------------------CCCACCAACACAAATCAC 84 
Vrs1         ···G·GCACACCAACAGGCAACAGAACAACCTACCGTGTCTC···T····-T·TCC···· 118 
                                                          
HvHox2       CATCCCTCTTCTCTCCCCTCCTCGGCTCCGAACAGCAAGGCATGGACAAGCAGCACCTCT 144 
Vrs1         G····--·····T····----··A·A·······C·-··A·············T··G···· 171 
 
HvHox2       TTGGTTGCTCCTACGTGGACGCGCCTTTCTTCGCGGCCACTGGCACGGCGCAGGGGGAGA 204 
Vrs1         ···A··CA···A········A··A···············A··················T· 231 
                      
HvHox2       ---GCCGGCCTAGAGCGCGGCGCAGGCGGCGGAGGGCTGCGAGATGCGGCGGAGGGGACG 261 
Vrs1         CCA··AA··AG··G·····················T·G·····G··············T· 291 
 
HvHox2       GTGACGGCGTGGAGATGGACGGGGGAGGGGACCCCAAGAAGCGCCGGCTGACCGACGAGC 321 
Vrs1         ·······T·G············A····················G·····C·········· 351 
              
HvHox2       AGGTGGAGGGTCTGGAGCTGAGCTTCCGGGAGGAGCGCAAGCTGGAGACCGGCCGGAAGG 381 
Vrs1         ···CC···AT························C··············A·C···C···· 411 
              
HvHox2       TCCATCTCGCCGCCGAGCTCGGGCTCGACCCCAAGCAGGTCGCCGTGTGGTTCCAGAACC 441 
Vrs1         ·GT····G·················G·································· 471 
              
HvHox2       GGCGGGCGCGCCACAAGAGCAAGCTTCTCGAGGAGGAGTTCTCCAAGCTCAAGCACGCCC 501 
Vrs1         ·C··C··················ACG···············G·G·G·············· 531 
              
HvHox2       ACGATGCGGCCATCCTACACAAATGCCACCTCGAGAACGAGGTGCTGAGGCTGAAGGAGC 561 
Vrs1         ····C··C········C························C·················A 591 
              
HvHox2       GGCTGGGAGCGACCGAGGAGGAGGTGCGGCGCCTCAGGTCGGGAGCTGGGAGCCAAGCGG 621 
Vrs1         ·A···········T···C························C··············G·· 651 
              
HvHox2       CATCCGGCGACGGCGGAGACGCCGCTGGCGCCGTTGGCCTGTGCGGAGGGAGCCCGAGCT 681 
Vrs1         ····T·TG··T······C····················G·······C············· 711 
              
HvHox2       CGTCCTTCTCGACGGGAACCTGCCAGCAGCATCCTGGTTTCAGCGGCGCAGACGTGCTGG 741 
Vrs1         ·······························G··G···········G············· 771 
              
          207  P  D  D  D  L  M  M  C  V  P  E  Y  G  G  Y  V  D  S  S  V  
HvHox2       GGCCGGACGATGACCTGATGATGTGCGTCCCCGAGTATGGTGGCTACGTCGATAGCAGCG 801 
Vrs1         ···G································------------------------ 807 
          208  R  D  D  D  L  M  M  C  V  P  E  W    
           
          227  V  E  W  F  S  L 
HvHox2       TGGTCGAGTGGTTTAGCCTG---------------------------------------- 821 
Vrs1         --------------------GGTTTTTAGCATGAATTAGAGTTTATGCTGGCTAAGCCGA 847 
220 F  L  A  * 
 
HvHox2       ------------------------------------------------------------ 821 
Vrs1         TAGCAGCGTGGTCGAGTGTTTTTTAGCATGAAATCAGATCTCCATCTCCCATAAAATAGC 907                                                                          
HvHox2       ------------------------------------------------------------ 821 
Vrs1         CGAGATAGCTGCTGCCGCCGCCAAATCCTCTATAGGGCTTCAAGATCGGCAGAAACCTCT 967                                                                           
HvHox2       ------------------------------------------------------------ 821 
Vrs1         AGAAATCATCTCCCCCCTCCGGAAAAGTCGCCTCTATTTGTCTCCATTGCCCGCGATGCA 1027                                                                           
HvHox2       ------------------------------------------------------------ 821 
Vrs1         GCATCCGGTATAGCTGCTAAGACAGGCCGCCCCTAAATCGTTTCTCCAGCGATTTTAATC 1087                                                                           
           
          233                    Y  G  L    I  * 
HvHox2       --------------------TATGGGCTG--ATTTGAAATTGAGACGGGCTGGGCATCAA 859 
Vrs1         TTTGGTTTTTAGCCTGTATA·········TG·······G········A·····A······ 1147 
                                  
HvHox2       CAGCATGCATAATTTGCATATCGATTACTATTCTAGTTAGGCATAGTGTTAATTAAGCTG 919 
Vrs1         ·T···--·-------··TG···················T··················T·T 1198 
              
HvHox2       GGATGATCTGTAGGCGTGCGTGTGTTTAATTATGTAGATAGTGTTGATTAATGGCAAAAG 979 
Vrs1         ·········C··········-----····G······························ 1253 
              
HvHox2       CTTGCAAGCTAGCAAGTGTAGTACCGGTAGCTCTCTTGAAGTTCAGAGACGATGTGTTGT 1039 
Vrs1         ········T··A---········TT··C·············A···A·T·T····---··· 1307 
              
HvHox2       GTTATCATTTGATAGTATATGTTTTACTTCAGC                            1072 
Vrs1         ······---------------------------                            1313 
 
Supplementary Fig. 2 Alignment of HvHox2 and Vrs1 cDNA sequences. Identical sequences are shown in dot. The HvHox2 
unique sequence of 44 bp is shown in yellow and Vrs1 unique sequence of 300 bp is shown in green. Deduced peptides are shown 
in bold, and the stop codon with an asterisk. Primers used for RT-PCR were shown in black double lines (HvHox2) and red double 
lines (Vrs1). 
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Supplementary	  Figure	  2-­‐3.	  The	  structure	  of	  Vrs1,	  HvHox2,	  and	  its	  Poaceae	  orthologues.	  
Exons	  are	  boxed,	  and	  introns	  are	  underlined.	  The	  HD	  homeodomain	  is	  boxed	  in	  green,	  
and	  the	  leucin	  zipper	  in	  blue.	  The	  ATG	  start	  codon	  and	  TGA	  and	  TAA	  stop	  codons	  are	  
indicated.	  The	  HvHox2-­‐specific	  44bp	  sequence	  is	  boxed	  in	  blue,	  and	  the	  Vrs1-­‐specific	  
300bp	  sequence	  in	  red.	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Supplemental	  Figure	  2-­‐4.	  Motif	  analysis	  of	  the	  deduced	  peptide	  sequences	  of	  Vrs1	  
homologues.	  Motif	  numbers	  (1-­‐13)	  indicate	  conserved	  peptide	  sequences.	  Motif	  1,	  the	  
homeodomain	  (HD);	  motif	  2,	  leucine	  zipper	  (Zip).	  VRS1	  lacks	  motif	  8.	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Supplementary	  Table	  2-­‐1.	  Polypeptide	  sequences	  with	  similarity	  to	  VRS1	  (E-­‐values	  <	  
e–10).	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Supplementary	  Table	  2-­‐2.	  Barley	  ESTs	  used	  for	  marker	  development	  (CS,	  Chinese	  
Spring;	  BZ,	  Betzes;	  OUH,	  OUH602;	  N.O.,	  Not	  optimized;	  NL,	  No	  linkage).	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Supplementary	  Table	  2-­‐3.	  Micro-­‐collinearity	  in	  the	  Vrs1	  and	  HvHox2	  regions	  of	  various	  
Poaceae	  species.	  Rice	  cDNAs	  were	  used	  as	  queries	  for	  BLAST	  search.	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Supplementary	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Chapter	  3	  
	  
Divergence	  of	  expression	  pattern	  
contributed	  to	  neofunctionalization	  of	  
duplicated	  HD-­‐Zip	  I	  transcription	  factor	  in	  
barley	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Introduction	  
	   Inflorescence	  architecture	  is	  a	  major	  determinant	  of	  the	  components	  of	  final	  
grain	  number	  per	  plant	  at	  harvest.	  The	  flowers	  of	  grass	  plants,	  such	  as	  wheat	  (Triticum	  
aestivum),	  barley	  (Hordeum	  vulgare),	  rice	  (Oryza	  sativa)	  and	  maize	  (Zea	  mays),	  
develop	  on	  a	  specialized	  short	  branch	  called	  a	  spikelet.	  The	  number	  of	  fertile	  spikelets	  
per	  inflorescence	  is	  positively	  associated	  with	  grain	  yield	  per	  plant.	  Several	  major	  
quantitative	  trait	  loci	  (QTLs),	  such	  as	  Grain	  number	  1a	  (Gn1a),	  which	  encodes	  cytokinin	  
oxidase,	  and	  WEALTHY	  FARMERS	  PANICLE	  1	  (WFP1),	  which	  encodes	  SQUAMOSA	  
PROMOTER	  BINDING	  PROTEIN-­‐LIKE	  14	  (SPL14),	  have	  been	  cloned	  in	  rice	  (Ashikari	  et	  al.,	  
2005;	  Pourkheirandish	  et	  al.,	  2007);	  however,	  in	  the	  Triticeae,	  none	  of	  the	  major	  QTLs	  
or	  genes	  involved	  in	  grain	  number	  per	  inflorescence	  have	  been	  cloned,	  except	  for	  
barley	  six-­‐rowed	  spike	  1	  (vrs1)	  (Miura	  et	  al.,	  2010)	  and	  intermedium-­‐c	  (int-­‐c)	  
(Komatsuda	  et	  al.,	  2007).	  
Barley	  is	  one	  of	  the	  most	  important	  crops	  in	  the	  Triticeae	  tribe,	  which	  falls	  
within	  the	  Pooideae	  subfamily	  of	  the	  grass	  family	  Poaceae.	  The	  barley	  inflorescence,	  
which	  is	  called	  a	  “spike”,	  is	  composed	  of	  three	  spikelets	  (one	  central	  spikelet	  and	  two	  
lateral	  spikelets)	  per	  rachis	  node.	  The	  spikelet	  arrangement	  characteristic	  of	  Hordeum	  
(Ramsay	  et	  al.,	  2011)	  is	  found	  in	  other	  grass	  genera,	  for	  example,	  some	  species	  of	  
Hilaria	  (Bothmer	  et	  al.,	  1995).	  In	  two-­‐rowed	  spike,	  only	  the	  central	  spikelet	  is	  fertile	  
and	  produces	  grain,	  whereas	  in	  six-­‐rowed	  spike,	  three	  spikelets	  are	  fertile	  and	  the	  
plant	  produces	  three	  times	  as	  much	  grain	  as	  plants	  with	  two-­‐rowed	  spikes.	  The	  
six-­‐rowed	  spike	  is	  controlled	  by	  vrs1,	  which	  is	  located	  on	  the	  long	  arm	  of	  chromosome	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2H.	  The	  wild-­‐type	  Vrs1	  allele	  encodes	  a	  homeodomain-­‐leucine	  zipper	  (HD-­‐Zip)	  I	  
transcription	  factor	  and	  suppresses	  the	  development	  of	  lateral	  spikelets	  (Barkworth,	  
2002).	  Barley	  collections	  of	  morphological	  mutants	  and	  natural	  variants	  have	  been	  
assembled	  and	  used	  as	  a	  valuable	  resource	  to	  examine	  fundamental	  biological	  
processes	  (Komatsuda	  et	  al.,	  2007).	  Loss-­‐of-­‐function	  of	  Vrs1	  results	  in	  six-­‐rowed	  spikes	  
by	  restoring	  fertility	  of	  the	  lateral	  spikelets.	  Three	  other	  six-­‐rowed	  spike	  loci	  (vrs2	  on	  
chromosome	  5H,	  vrs3	  on	  chromosome	  1H	  and	  vrs4	  on	  chromosome	  3H)	  have	  been	  
described	  in	  induced	  barley	  mutants;	  recessive	  alleles	  at	  each	  of	  these	  loci	  enhance	  
the	  development	  of	  lateral	  spikelets	  to	  various	  degrees	  and	  result	  in	  seed	  set	  
depending	  on	  spikelet	  position	  in	  the	  spike	  (Druka	  et	  al.,	  2011).	  The	  intermedium-­‐c	  
(int-­‐c)	  locus	  on	  chromosome	  4H,	  which	  encodes	  an	  ortholog	  of	  maize	  teosinte	  
branched1	  (tb1),	  a	  major	  domestication	  gene	  that	  regulates	  tillering	  (Lundqvist	  et	  al.,	  
1997),	  modifies	  Vrs1	  alleles	  to	  set	  seed	  in	  some	  lateral	  spikelets	  (Doebley	  et	  al.,	  1997).	  
HD-­‐Zip	  proteins	  are	  composed	  of	  a	  homeodomain	  (HD),	  which	  functions	  as	  a	  
DNA-­‐binding	  site,	  and	  an	  adjacent	  leucine	  zipper	  (Zip),	  which	  acts	  as	  a	  dimerization	  
motif.	  The	  HD-­‐Zip	  proteins	  form	  a	  transcription	  factor	  family	  that	  is	  unique	  to	  the	  plant	  
clade	  (Ramsay	  et	  al.,	  2011).	  HD-­‐Zip	  proteins	  bind	  to	  specific	  DNA	  sequences	  as	  
homodimers	  or	  heterodimers	  through	  their	  leucine-­‐zipper	  domains,	  and	  the	  absence	  
of	  a	  leucine	  zipper	  abolishes	  their	  binding	  ability	  (Ariel	  et	  al.,	  2007).	  These	  proteins	  can	  
be	  classified	  into	  four	  subfamilies	  (HD-­‐Zip	  I	  to	  IV),	  according	  to	  a	  set	  of	  distinctive	  
features	  that	  includes	  DNA-­‐binding	  specificities,	  gene	  structures,	  additional	  common	  
motifs	  and	  physiological	  functions.	  HD-­‐Zip	  I	  proteins	  mainly	  regulate	  the	  plant’s	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response	  to	  abiotic	  stresses,	  such	  as	  drought,	  extreme	  temperatures	  and	  osmotic	  and	  
light	  stress	  (Sessa	  et	  al.,	  1993).	  Recently,	  grassy	  tillers1	  (gt1),	  a	  Vrs1	  homolog	  that	  
regulates	  lateral	  branching	  in	  maize,	  was	  isolated	  (Ariel	  et	  al.,	  2007).	  gt1	  expression	  is	  
induced	  by	  shading	  and	  is	  promoted	  by	  tb1.	   	  
In	  rice	  and	  maize,	  HD-­‐Zip	  I	  class	  genes	  consist	  of	  14	  and	  17	  members,	  
respectively,	  and	  have	  evolved	  through	  a	  series	  of	  gene	  duplications	  (Agalou	  et	  al.,	  
2008;	  Whipple	  et	  al.,	  2011).	  Vrs1	  and	  HvHox2	  must	  have	  diverged	  after	  the	  separation	  
of	  Brachypodium	  distachyon	  from	  the	  Pooideae	  (Zhao	  et	  al.,	  2011).	  The	  biological	  
function	  of	  HvHOX2	  in	  barley	  is	  unknown,	  but	  is	  conserved	  in	  other	  cereals.	  As	  a	  
mechanism	  of	  functionalization	  in	  duplicate	  genes,	  differentiation	  of	  both	  gene	  
expression	  and	  protein	  function	  are	  important	  (Hughes,	  1994;	  Oakley	  et	  al.,	  2006;	  
Hanada	  et	  al.,	  2009;	  Sakuma	  et	  al.,	  2010).	  The	  HvHox2	  gene	  is	  expressed	  broadly,	  
whereas	  Vrs1	  is	  specifically	  expressed	  in	  immature	  spikes	  (Ganko	  et	  al.,	  2007).	  The	  
HD-­‐Zip	  domains	  in	  HvHOX2	  and	  VRS1	  are	  well	  conserved.	  The	  300-­‐bp	  insertion	  into	  the	  
third	  exon	  of	  Vrs1	  introduced	  a	  stop	  codon;	  thus,	  VRS1	  lacks	  a	  motif	  that	  is	  conserved	  
at	  the	  C-­‐terminal	  end	  of	  the	  HvHox2	  orthologs	  (Sakuma	  et	  al.,	  2010).	  Based	  on	  the	  
above	  data,	  we	  hypothesized	  that	  Vrs1	  may	  have	  acquired	  a	  novel	  role	  by	  
neofunctionalization	  (Sakuma	  et	  al.,	  2010).	  It	  was	  unclear,	  however,	  whether	  
divergence	  of	  expression	  pattern	  or	  protein	  function,	  or	  of	  both	  of	  these	  aspects,	  
accounted	  for	  the	  functionalization	  of	  copy	  gene	  Vrs1.	   	  
To	  investigate	  how	  Vrs1	  acquired	  its	  current	  functions,	  we	  characterized	  the	  
functions	  of	  HvHOX2	  and	  VRS1	  as	  transcriptional	  regulators.	  We	  then	  performed	  a	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detailed	  expression	  analysis	  to	  identify	  differences	  in	  expression	  pattern	  between	  
HvHox2	  and	  Vrs1.	  Furthermore,	  mutant	  and	  transgenic	  analyses	  were	  conducted	  to	  
determine	  the	  molecular	  function	  of	  Vrs1	  and	  to	  decipher	  the	  genetic	  interactions	  
among	  the	  six-­‐rowed	  spike	  genes.	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Experimental	  procedures	  
	  
Plant	  materials	  
Barley	  (Hordeum	  vulgare	  L.)	  cvs	  Golden	  Promise	  (GP,	  JP15923),	  Hanna	  
(JP15594),	  Bonus	  (JP15929),	  Haruna	  Nijo	  (HN,	  JP67556)	  and	  Kanto	  Nakate	  Gold	  (KNG,	  
JP15436),	  which	  were	  used	  as	  two-­‐rowed	  representatives,	  and	  Morex	  (JP46314),	  
Azumamugi	  (AZ,	  JP17209)	  and	  Hayakiso-­‐2	  (HK2,	  JP18099),	  which	  were	  used	  as	  
six-­‐rowed	  representatives,	  were	  obtained	  from	  the	  National	  Institute	  of	  Agrobiological	  
Sciences	  (NIAS)	  Genebank,	  Japan.	  Six	  induced	  six-­‐rowed	  mutants	  and	  their	  original	  
cultivars	  (Supplementary	  Table	  3-­‐1)	  were	  obtained	  from	  the	  Nordic	  Gene	  Bank	  (Alnarp,	  
Sweden).	  
	  
Transactivation	  activity	  assay	  
Transactivation	  activity	  assays	  were	  performed	  using	  the	  Matchmaker	  Gold	  
Yeast	  Two-­‐Hybrid	  System	  (Clontech,	  Mountain	  View,	  CA,	  USA).	  To	  construct	  the	  
necessary	  serial	  vectors,	  the	  full-­‐length	  coding	  sequences	  of	  HvHox2	  and	  Vrs1	  and	  the	  
sequences	  of	  various	  domain	  truncation	  products	  were	  amplified	  by	  PCR	  
(Supplementary	  Table	  3-­‐2).	  The	  PCR	  products	  were	  digested	  with	  EcoRI	  and	  BamHI	  and	  
cloned	  into	  pGBKT7,	  cut	  with	  the	  same	  restriction	  enzymes,	  to	  fuse	  downstream	  of	  the	  
GAL4	  DNA-­‐binding	  domain.	  The	  resulting	  plasmids	  were	  transformed	  into	  the	  Y2HGold	  
yeast	  strain	  and	  selected	  on	  synthetic	  dropout	  (SD)	  medium	  lacking	  tryptophan	  (–Trp).	  
After	  2	  d	  of	  incubation	  at	  30ºC,	  the	  yeast	  colonies	  were	  diluted	  to	  an	  OD600	  of	  0.1,	  and	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5	  µl	  of	  culture	  was	  dropped	  onto	  SD/–Trp	  medium	  with	  or	  without	  the	  antibiotic	  
Aureobasidin	  A.	  These	  plates	  were	  incubated	  at	  30ºC	  until	  yeast	  cells	  had	  grown	  to	  
form	  colonies.	  
	  
In	  situ	  mRNA	  hybridization	  analysis	  
The	  Vrs1	  gene	  segment	  comprising	  part	  of	  the	  3ʹ′-­‐UTR	  (300	  bp)	  and	  the	  
full-­‐length	  cDNA	  of	  HvHox2	  (1072	  bp)	  were	  amplified	  from	  cDNA	  isolated	  from	  
immature	  barley	  spikes	  using	  specific	  primers	  (Supplementary	  Table	  3-­‐2).	  Immature	  
spikes	  were	  developmentally	  staged	  by	  observation	  under	  a	  stereoscopic	  microscope	  
(Ohno,	  1970).	  The	  PCR	  product	  was	  cloned	  into	  the	  pBluescript	  II	  KS	  (+)	  vector	  
(Stratagene,	  La	  Jolla,	  CA,	  USA).	  Two	  clones	  with	  different	  insert	  orientations	  were	  
linearized	  with	  Not	  I	  (for	  Vrs1)	  or	  EcoRI	  (for	  HvHox2)	  and	  were	  used	  as	  templates	  to	  
generate	  antisense	  and	  sense	  probes	  using	  T3	  or	  T7	  RNA	  polymerase.	  In	  situ	  
hybridization	  was	  conducted	  as	  in	  Komatsuda	  et	  al.	  (1981).	  
	  
Immunohistological	  staining	  
Antibodies	  against	  VRS1	  were	  obtained	  by	  immunizing	  rabbits	  with	  the	  
synthetic	  peptide	  C	  (for	  conjugation)	  -­‐X	  (aminohexanoic	  acid)	  VPEWFLA	  (positions	  216	  
to	  222	  of	  VRS1).	  Immature	  spikes	  at	  the	  awn	  primordium	  stage	  were	  used	  for	  
immunostaining	  as	  described	  previously	  (Komatsuda	  et	  al.,	  2007).	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RNA	  extraction	  and	  Absolute	  Quantitative	  Real-­‐Time	  PCR	  
Total	  RNA	  was	  extracted	  from	  immature	  spikes	  (c.	  10	  spikes	  per	  extraction)	  
using	  TRIzol	  (Invitrogen,	  Carlsbad,	  CA,	  USA).	  RNA	  was	  quantified	  using	  NanoDrop	  1000	  
(Thermo	  Fisher	  Scientific,	  Waltham,	  MA,	  USA).	  To	  remove	  genomic	  DNA	  contamination,	  
RNA	  was	  treated	  with	  RNase-­‐free	  DNase	  (Takara	  Bio,	  Otsu,	  Japan).	  First-­‐strand	  cDNA	  
was	  synthesized	  with	  SuperScript	  III	  (Invitrogen)	  and	  first-­‐strand	  cDNA	  derived	  from	  25	  
ng	  RNA	  was	  used	  as	  template.	  Transcript	  levels	  of	  each	  gene	  were	  measured	  by	  
quantitative	  real-­‐time	  PCR	  using	  a	  StepOne	  Real-­‐Time	  PCR	  System	  (Applied	  Biosystems,	  
Foster,	  CA,	  USA)	  and	  THUNDERBIRD	  SYBR	  qPCR	  Mix	  Kit	  (Toyobo,	  Osaka,	  Japan)	  
according	  to	  the	  manufacturers’	  protocols.	  Primers	  used	  for	  qRT-­‐PCR	  are	  listed	  in	  
Supplementary	  Table	  3-­‐2.	  Each	  gene	  fragment	  was	  cloned	  into	  pCR4-­‐TOPO	  (Invitrogen)	  
or	  pBluescript	  II	  KS	  (+)	  (Supplementary	  Table	  3-­‐2).	  Plasmid	  DNA	  harboring	  each	  gene	  
fragment	  was	  used	  to	  generate	  standard	  curves	  for	  absolute	  quantification.	  CT	  values	  
for	  each	  sample	  were	  converted	  into	  copy	  numbers	  using	  the	  standard	  curves.	  
(Supplementary	  Figure	  3-­‐1).	  The	  HvActin	  gene,	  which	  showed	  a	  stable	  expression	  
pattern	  throughout	  spike	  development	  (Supplementary	  Figure	  3-­‐2),	  was	  used	  as	  the	  
internal	  control	  for	  calculating	  the	  relative	  expression	  levels	  of	  the	  Vrs1	  [(Vrs1	  mRNA	  
copy	  number	  µg-­‐1	  total	  RNA)	  /	  (HvActin	  mRNA	  copy	  number	  µg-­‐1	  total	  RNA)]	  and	  
HvHox2	  [(HvHox2	  mRNA	  copy	  number	  µg-­‐1	  total	  RNA)	  /	  (HvActin	  mRNA	  copy	  number	  
µg-­‐1	  total	  RNA)].	  qRT-­‐PCR	  analysis	  was	  performed	  at	  least	  three	  times	  for	  each	  sample.	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Biological	  replicates	  of	  at	  least	  three	  independent	  RNA	  extractions	  per	  sample	  were	  
performed.	   	  
	  
Transformation	  of	  barley	  
	   To	  prepare	  the	  RNAi	  construct,	  the	  Vrs1	  gene	  segment	  (628	  bp)	  was	  
amplified	  using	  specific	  primers	  (Supplementary	  Table	  3-­‐2).	  The	  PCR	  product	  was	  
cloned	  in	  the	  forward	  and	  reverse	  orientations	  into	  each	  of	  the	  pIPKb008	  and	  
pIPKb009	  vectors	  in	  which	  transgene	  expression	  was	  either	  under	  control	  of	  the	  rice	  
Actin	  promoter	  or	  the	  CaMV	  35S	  promoter,	  respectively	  (Yamaji	  &	  Ma,	  2007).	  The	  
constructs	  were	  introduced	  into	  Agrobacterium	  tumefaciens	  strain	  AGL-­‐1	  and	  
transferred	  into	  immature	  barley	  (cv	  Golden	  Promise)	  embryos	  by	  
Agrobacterium-­‐mediated	  transformation,	  as	  previously	  described	  (Himmelbach	  et	  al.,	  
2007).	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Results	  
Determination	  of	  the	  transcriptional	  activation	  domain	  
To	  examine	  whether	  HvHOX2	  and	  VRS1	  have	  transcriptional	  activation	  
potential,	  we	  conducted	  a	  yeast	  one-­‐hybrid	  analysis.	  The	  yeast	  GAL4	  DNA-­‐binding	  
domain	  (GAL4BD)	  was	  fused	  to	  different	  segments	  of	  HvHOX2	  or	  VRS1	  (Figure	  3-­‐1).	  If	  
HvHOX2	  (VRS1)	  has	  transcriptional	  activation	  potential,	  the	  GAL4BD-­‐HvHOX2	  (VRS1)	  
fusion	  protein	  bound	  to	  the	  GAL4-­‐responsive	  promoter	  would	  be	  expected	  to	  induce	  
AUR1-­‐C	  reporter	  gene	  expression	  and	  the	  expression	  would	  confer	  strong	  resistance	  to	  
the	  toxic	  drug	  Aureobasidin	  A	  (AbA)	  of	  the	  host	  yeast	  strain	  Y2HGold.	  All	  transformants	  
grew	  well	  on	  synthetic	  dropout	  (SD)	  medium	  lacking	  tryptophan	  (–Trp),	  because	  
pGBKT7	  contains	  the	  TRP1	  nutritional	  marker.	  Yeast	  colonies	  of	  each	  transformant	  
were	  transferred	  to	  SD/–Trp	  medium	  containing	  AbA.	  Yeast	  carrying	  
GAL4BD-­‐HvHOX2-­‐full	  (I)	  and	  GAL4BD-­‐VRS1-­‐full	  (VIII)	  grew	  well	  on	  SD/–Trp/+AbA	  
medium	  (Figure	  3-­‐1),	  suggesting	  that	  both	  HvHOX2	  and	  VRS1	  could	  act	  as	  
transcriptional	  activators,	  at	  least	  in	  yeast.	   	  
To	  localize	  the	  activation	  domain	  (AD),	  nine	  deletion	  derivatives	  of	  the	  
constructs	  were	  tested.	  The	  constructs	  that	  included	  the	  C-­‐terminal	  region	  (CTR)	  (II,	  V,	  
VI,	  XI)	  showed	  transcriptional	  activation,	  whereas	  those	  that	  lacked	  this	  region	  (III,	  IV,	  
IX,	  X)	  did	  not	  (Figure	  3-­‐1).	  HvHOX2	  harbors	  a	  motif	  in	  the	  CTR	  that	  consists	  of	  19	  amino	  
acids	  (VII)	  and	  is	  conserved	  in	  the	  cereal	  HvHOX2	  orthologs	  but	  absent	  in	  VRS1.	  The	  
construct	  that	  included	  only	  the	  motif	  (VII)	  did	  not	  show	  reporter	  gene	  activation	  
(Figure	  3-­‐1).	  These	  results	  indicate	  that	  the	  transcriptional	  AD	  of	  HvHOX2	  and	  VRS1	  is	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localized	  to	  a	  60-­‐amino-­‐acid	  region	  in	  the	  CTR,	  at	  least	  in	  yeast.	  
	  
Localization	  of	  Vrs1	  and	  HvHox2	  transcripts	  
	   In	  situ	  RNA	  hybridization	  using	  a	  HvHox2	  probe	  (Figure	  3-­‐2a)	  revealed	  signals	  
in	  the	  vascular	  tissue	  in	  the	  rachis	  at	  the	  awn	  primordium	  stage	  (Figure	  3-­‐2b).	  At	  the	  
white	  anther	  stage	  when	  floral	  organ	  differentiation	  was	  completed,	  signals	  were	  
localized	  to	  provascular	  tissue	  in	  the	  pedicel	  (junction	  between	  the	  rachis	  and	  spikelet)	  
of	  two	  lateral	  spikelets	  (Figure	  3-­‐2d,f).	  Although	  a	  signal	  was	  detectable	  at	  the	  awn	  
primordium	  and	  white	  anther	  stages,	  HvHox2	  expression	  was	  not	  detected	  at	  the	  triple	  
mound	  stage.	  No	  HvHox2	  signal	  was	  detected	  in	  hybridization	  with	  the	  sense	  probe	  
(Figure	  3-­‐2c,e,g).	  We	  used	  the	  Vrs1	  deletion	  (null)	  six-­‐rowed	  spike	  mutant,	  hex-­‐v.3	  
(Hensel	  et	  al.,	  2008),	  as	  a	  source	  of	  immature	  spikes	  and	  therefore	  did	  not	  detect	  any	  
similar	  Vrs1	  sequences	  during	  RNA	  in	  situ	  hybridization	  with	  the	  HvHox2	  probe.	  Owing	  
to	  relatively	  low	  expression	  (see	  later),	  HvHox2	  was	  not	  readily	  detected	  by	  in	  situ	  
hybridization.	  To	  enhance	  the	  HvHox2	  signal,	  we	  included	  the	  entire	  cDNA	  sequence	  of	  
HvHox2	  in	  the	  probe	  (Figure	  3-­‐2a).	  
On	  the	  other	  hand,	  in	  situ	  RNA	  hybridization	  using	  a	  Vrs1-­‐specific	  probe	  that	  
shows	  no	  sequence	  similarity	  with	  HvHox2	  (Figure	  3-­‐2a)	  revealed	  strong	  signals	  in	  the	  
lateral	  florets	  of	  two-­‐rowed	  cv	  Bonus	  (Figure	  3-­‐2h,j).	  Vrs1	  expression	  was	  localized	  to	  
the	  lemma,	  palea,	  lodicule	  and,	  most	  strongly,	  the	  pistil	  in	  the	  lateral	  florets	  at	  the	  
white	  anther	  stage	  (Figure	  3-­‐2i,k).	  From	  this	  stage,	  floral	  organs	  transited	  from	  the	  
differentiation	  to	  the	  developmental	  phase.	  The	  in	  situ	  hybridization	  signal	  was	  at	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background	  values	  in	  anther	  tissue,	  and	  Vrs1	  was	  not	  detectable	  in	  glumes.	  These	  data	  
showed	  a	  highly	  floral	  organ-­‐specific	  pattern	  of	  gene	  expression.	  Interestingly,	  
rachillae	  bearing	  rudimentary	  florets,	  which	  are	  ultimately	  suppressed	  in	  barley,	  
showed	  a	  strong	  signal	  (Figure	  3-­‐2k),	  comparable	  to	  that	  in	  the	  pistil.	  No	  Vrs1	  
expression	  was	  detected	  in	  the	  central	  spikelet	  meristem	  during	  the	  triple	  mound	  and	  
glume	  primordium	  stages	  or	  in	  any	  organs	  in	  the	  central	  spikelet	  during	  the	  white	  
anther	  stage.	  No	  signal	  was	  detected	  using	  the	  sense	  probe	  in	  wild-­‐type	  two-­‐rowed	  
spikes	  (Figure	  3-­‐2l)	  and	  the	  antisense	  probe	  in	  hex-­‐v.3	  mutants	  (Figure	  3-­‐2m).	  Thus,	  
the	  Vrs1	  probe	  used	  in	  this	  in	  situ	  hybridization	  did	  not	  cross-­‐hybridize	  with	  HvHox2	  
mRNA	  or	  any	  other	  similar	  gene	  sequence.	   	  
	  
Localization	  of	  VRS1	  in	  nuclei	  
Immunostaining	  with	  an	  antibody	  against	  VRS1	  was	  performed	  to	  investigate	  
the	  tissue-­‐specific	  localization	  of	  VRS1.	  VRS1	  signals	  were	  detected	  in	  the	  lateral	  
spikelets	  of	  two-­‐rowed	  cv	  Bonus	  at	  the	  awn	  primordium	  stage	  (Figure	  3-­‐3a,b).	  No	  
signal	  was	  detected	  in	  the	  central	  spikelet.	  VRS1	  and	  HvHOX2	  were	  predicted	  to	  have	  
nuclear	  localization	  signals	  (‘RRRRRRSAR’	  and	  ‘RPRARRRRRRAAR’,	  respectively)	  by	  the	  
PredictProtein	  database	  (http://www.predictprotein.org/),	  indicating	  that	  the	  two	  
proteins	  are	  targeted	  to	  the	  nucleus.	  To	  confirm	  the	  nuclear	  localization	  of	  VRS1,	  the	  
immunostained	  cells	  were	  costained	  with	  DAPI,	  which	  labels	  DNA.	  VRS1	  was	  indeed	  
localized	  to	  nuclei	  (Figure	  3-­‐3c).	  Only	  an	  autofluorescence	  signal	  was	  detected	  in	  the	  
rachis	  vascular	  tissue	  in	  the	  negative	  control	  (Figure	  3-­‐3d).	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The	  hex-­‐v.3	  mutant	  lacked	  Vrs1;	  only	  autofluorescence	  was	  detected	  in	  the	  
vascular	  bundles	  of	  the	  rachis	  and	  spikelets	  (Figure	  3-­‐3e,f).	  The	  anti-­‐VRS1	  antibody	  
failed	  to	  detect	  any	  VRS1	  in	  the	  central	  and	  lateral	  spikelets	  and	  their	  nuclei	  in	  hex-­‐v.3	  
(Figure	  3-­‐3g).	  The	  signal	  at	  the	  rachis	  of	  Figure	  3-­‐3(g)	  was	  autofluorescence,	  as	  seen	  in	  
the	  negative	  control	  that	  lacked	  anti-­‐VRS1	  antibody	  (Figure	  3-­‐3h).	  
	  
The	  abundance	  of	  Vrs1	  transcription	  is	  greater	  than	  that	  of	  HvHox2	  in	  developing	  
spikes	  
Absolute	  qRT-­‐PCR	  was	  performed	  to	  compare	  the	  expression	  levels	  of	  Vrs1	  
and	  HvHox2	  throughout	  the	  various	  developmental	  stages	  of	  the	  spike	  (Figure	  3-­‐4).	  
We	  analyzed	  expression	  in	  two	  two-­‐rowed	  cultivars	  and	  two	  six-­‐rowed	  cultivars.	  In	  
Bonus	  (Figure	  3-­‐4a),	  a	  two-­‐rowed	  cultivar	  possessing	  the	  Vrs1.b3	  allele,	  Vrs1	  transcript	  
abundances	  ((Vrs1	  mRNA	  copy	  number	  µg-­‐1	  total	  RNA)	  /	  (HvActin	  mRNA	  copy	  number	  
µg-­‐1	  total	  RNA))	  were	  significantly	  (P	  <	  0.05)	  higher	  than	  HvHox2.	  At	  the	  lemma	  
primordium	  and	  stamen	  primordium	  stage,	  the	  Vrs1	  expression	  was	  >	  20	  times	  that	  of	  
HvHox2.	  The	  expression	  levels	  of	  the	  two	  genes	  were	  comparable	  in	  the	  green	  and	  
yellow	  anther	  stages.	  A	  similar	  expression	  pattern	  of	  Vrs1	  and	  HvHox2	  was	  observed	  in	  
Kanto	  Nakate	  Gold	  (KNG;	  Figure	  3-­‐4b),	  which	  is	  a	  two-­‐rowed	  cultivar	  possessing	  the	  
same	  Vrs1.b3	  allele	  as	  Bonus.	  Vrs1	  mRNA	  was	  most	  abundant	  from	  the	  awn	  
primordium	  stage	  to	  the	  white	  anther	  stage,	  during	  which	  pistil	  differentiation	  begins.	  
HvHox2	  mRNA	  was	  most	  abundant	  from	  the	  white	  anther	  stage	  to	  the	  yellow	  anther	  
stage.	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In	  Azumamugi	  (AZ),	  a	  six-­‐rowed	  cultivar,	  the	  Vrs1	  transcript	  abundance	  was	  
much	  greater	  than	  that	  of	  HvHox2	  (Figure	  3-­‐4c).	  AZ	  possesses	  the	  vrs1.a1	  allele,	  which	  
encodes	  a	  truncated	  VRS1	  protein	  (Komatsuda	  et	  al.,	  2007).	  The	  Vrs1	  expression	  level	  
in	  Hayakiso	  2	  (HK2),	  another	  six-­‐rowed	  cultivar,	  was	  one-­‐fifth	  of	  that	  in	  Bonus	  and	  
one-­‐third	  of	  that	  in	  AZ	  (Figure	  3-­‐4d).	  HK2	  possesses	  the	  vrs1.c	  allele,	  which	  does	  not	  
alter	  the	  deduced	  amino	  acid	  sequence	  encoded	  by	  Vrs1	  (Komatsuda	  et	  al.,	  2007).	  
These	  results	  suggest	  that	  the	  reduced	  Vrs1	  expression	  level	  found	  in	  HK2	  was	  not	  
sufficient	  to	  suppress	  lateral	  spikelet	  fertility,	  and	  thus	  produced	  fully	  fertile	  lateral	  
spikelets.	  The	  HvHox2	  expression	  level	  did	  not	  differ	  significantly	  between	  AZ	  and	  HK2.	  
These	  data	  show	  that	  the	  production	  of	  six-­‐rowed	  spikes	  in	  HK2	  can	  be	  ascribed	  to	  the	  
reduced	  Vrs1	  transcript	  abundance	  in	  this	  cultivar.	  
	  
Restoration	  of	  lateral	  spikelet	  fertility	  by	  Vrs1	  RNA	  interference	  
	   To	  demonstrate	  the	  quantitative	  function	  of	  Vrs1,	  we	  transformed	  
two-­‐rowed	  barley	  cv	  Golden	  Promise	  with	  a	  Vrs1-­‐specific	  hairpin-­‐RNA	  interference	  
(RNAi)	  construct	  under	  the	  control	  of	  the	  rice	  Actin1	  promoter	  or	  the	  CaMV	  35S	  
promoter.	  We	  obtained	  33	  independent	  T0	  plants	  that	  showed	  a	  developed	  awn	  in	  the	  
lateral	  spikelets	  using	  the	  constructs	  driven	  by	  both	  of	  the	  promoters.	  In	  the	  case	  of	  
the	  construct	  driven	  by	  the	  rice	  Actin1	  promoter,	  three	  T0	  plants	  (BG87/1E18,	  
BG87/1E35	  and	  BG87/2E4)	  produced	  fertile	  lateral	  spikelets	  that	  yielded	  grains	  
(Supplementary	  Table	  3-­‐3).	  We	  selected	  seven	  independent	  T1	  lines	  that	  had	  shown	  
phenotypic	  change	  in	  the	  T0	  generation	  for	  further	  analysis.	  All	  seven	  T1	  plants	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harboring	  the	  RNAi-­‐expression	  cassette	  exhibited	  an	  elongated	  awn	  in	  the	  lateral	  
spikelets	  (Supplementary	  Table	  3-­‐3).	  Grains	  were	  produced	  in	  only	  three	  T1	  lines,	  
namely	  BG87/1E18	  (0–38%	  fertility	  in	  the	  lateral	  spikelets;	  spike-­‐to-­‐spike	  variation	  
exists),	  BG87/1E35	  (0–14%	  fertility),	  and	  BG87/2E04	  (0–5%	  fertility),	  indicating	  that	  
grain	  productivity	  in	  the	  lateral	  spikelets	  was	  inherited	  by	  the	  T1	  plants	  (Figure	  3-­‐5a–e).	  
No	  phenotypic	  changes	  were	  observed	  in	  organs	  other	  than	  lateral	  spikelets,	  in	  
agreement	  with	  Vrs1	  being	  expressed	  only	  in	  the	  lateral	  spikelets	  (Supplementary	  
Table	  3-­‐3).	   	  
	   To	  evaluate	  the	  correlation	  between	  Vrs1	  mRNA	  level	  and	  lateral	  spikelet	  
development,	  we	  carried	  out	  qRT-­‐PCR	  using	  RNAs	  isolated	  from	  immature	  spikes	  at	  
the	  white	  anther	  stage.	  T1	  plants	  derived	  from	  the	  BG78/3E02,	  BG87/1E18,	  
BG87/1E35	  and	  BG87/2E04	  lines	  showed	  a	  Vrs1	  expression	  level	  approximately	  half	  
that	  of	  the	  wild-­‐type	  Golden	  Promise	  or	  non-­‐transgenic	  plants	  derived	  from	  
segregation	  of	  T1	  families	  (Figure	  3-­‐5f).	  The	  level	  of	  Vrs1	  expression	  in	  T1	  plants	  
derived	  from	  BG78/1E01,	  BG78/1E02	  and	  BG78/2E02	  lines	  and	  wild-­‐type	  were	  almost	  
the	  same.	  Furthermore,	  the	  level	  of	  HvHox2	  expression	  showed	  no	  significant	  change	  
between	  wild-­‐type	  and	  transgenic	  plants,	  suggesting	  that	  Vrs1	  was	  the	  sole	  gene	  
targeted	  by	  Vrs1	  RNAi	  (Figure	  3-­‐5g).	  These	  results	  indicate	  that	  the	  level	  of	  Vrs1	  
expression	  and	  the	  development	  of	  lateral	  spikelet	  awns	  was	  negatively	  correlated	  (r	  =	  
–	  0.55),	  supporting	  the	  hypothesis	  that	  Vrs1	  expression	  suppresses	  the	  development	  of	  
lateral	  spikelets	  in	  a	  quantitative	  manner.	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Transcript	  abundances	  of	  Vrs1	  and	  HvHox2	  in	  nonallelic	  six-­‐rowed	  spike	  mutants	  
To	  determine	  whether	  the	  other	  known	  six-­‐rowed	  spike	  loci	  regulate	  the	  
expression	  of	  Vrs1,	  we	  examined	  Vrs1	  expression	  in	  vrs2,	  vrs3,	  vrs4	  and	  int-­‐c	  mutants.	  
These	  mutants	  are	  nonallelic	  to	  the	  vrs1	  locus	  (Saisho	  et	  al.,	  2009).	  Immature	  spikes	  at	  
the	  awn	  primordium	  stage	  were	  used	  for	  RNA	  extraction.	  Expression	  levels	  of	  Vrs1	  in	  
these	  mutant	  lines	  and	  their	  original	  wildtype	  cultivars	  were	  compared,	  and	  the	  null	  
hypothesis	  was	  that	  expression	  level	  is	  the	  same	  in	  the	  mutant	  and	  the	  wildtype	  plant.	  
The	  largest	  and	  most	  statistically	  significant	  (P	  =	  0.0046)	  difference	  was	  observed	  
between	  vrs4	  and	  the	  wildtype	  (Figure	  3-­‐6a).	  The	  transcript	  abundance	  of	  Vrs1	  in	  vrs4	  
mutants	  was	  1/12	  that	  of	  its	  two-­‐rowed	  wildtype	  parent.	  This	  result	  suggests	  that	  the	  
wildtype	  Vrs4	  allele	  positively	  regulates	  Vrs1	  expression	  in	  wildtype	  two-­‐rowed	  barley.	  
A	  smaller,	  but	  nonetheless	  statistically	  significant,	  difference	  was	  observed	  between	  
vrs2	  and	  wildtype	  plants,	  suggesting	  that	  the	  wildtype	  Vrs2	  allele	  positively	  regulates	  
Vrs1	  expression.	  The	  hex-­‐v.44	  mutant	  was	  allelic	  to	  the	  vrs1	  locus,	  which	  was	  caused	  
by	  truncation	  of	  the	  VRS1	  protein	  by	  a	  premature	  stop	  codon	  (Lundqvist	  et	  al.,	  1997).	  
We	  included	  hex-­‐v.44	  as	  a	  negative	  control;	  however,	  for	  reasons	  unknown,	  the	  
transcript	  abundance	  of	  Vrs1	  in	  hex-­‐v.44	  was	  one-­‐half	  that	  in	  the	  wildtype.	  No	  
significant	  differences	  in	  Vrs1	  expression	  were	  observed	  between	  the	  wildtype	  and	  
vrs3	  mutant	  or	  between	  the	  wildtype	  and	  int-­‐c	  mutant.	  HvHox2	  and	  HvActin	  
expression	  levels	  were	  not	  significantly	  different	  between	  these	  mutants	  and	  the	  
wildtype	  plants	  (Figure	  3-­‐6b,c).	  These	  data	  indicate	  that	  the	  expression	  of	  HvHox2	  was	  
not	  regulated	  by	  Vrs1	  or	  any	  of	  these	  six-­‐rowed	  spike	  genes.	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Discussion	  
	  
HvHOX2	  and	  VRS1	  function	  as	  a	  transcriptional	  activator	  
	   HD-­‐Zip	  proteins	  are	  transcriptional	  factors	  and	  contain	  several	  kinds	  of	  
modular	  domains	  such	  as	  HD,	  Zip,	  and	  AD.	  The	  nuclear	  localization	  of	  VRS1	  in	  this	  
current	  study	  supports	  the	  hypothesis	  that	  VRS1	  functions	  as	  a	  transcriptional	  
regulator.	  Among	  the	  induced	  six-­‐rowed	  spike	  mutants,	  the	  mutation	  site	  was	  
concentrated	  in	  the	  HD	  (Komatsuda	  et	  al.,	  2007),	  suggesting	  that	  the	  importance	  of	  HD	  
as	  a	  DNA-­‐binding	  domain.	  Among	  the	  17	  members	  of	  HD-­‐Zip	  I	  proteins	  in	  Arabidopsis	  
thaliana	  (Komatsuda	  et	  al.,	  2007),	  six	  members	  (i.e.,	  ATHB1,	  AT3G01470;	  ATHB5,	  
AT5G65310;	  ATHB6,	  AT2G22430;	  ATHB7,	  AT2G46680;	  ATHB12,	  AT3G61890;	  and	  
ATHB16,	  AT4G40060)	  act	  as	  transcriptional	  activators	  (Aoyama	  et	  al.,	  1995;	  Lee	  et	  al.,	  
2001;	  Himmelbach	  et	  al.,	  2002;	  Wang	  et	  al.,	  2003;	  Henriksson	  et	  al.,	  2005),	  whereas	  
Medicago	  truncatula	  HB1	  encoding	  HD-­‐Zip	  I	  functions	  as	  a	  transcriptional	  repressor	  
(Henriksson	  et	  al.,	  2005).	  In	  this	  study,	  we	  revealed	  that	  both	  HvHOX2	  and	  VRS1	  act	  as	  
transcriptional	  activators.	  The	  AD	  is	  located	  in	  a	  60-­‐amino-­‐acid	  segment	  at	  the	  CTR.	  
Several	  six-­‐rowed	  spike	  mutants	  that	  disrupted	  the	  AD	  of	  VRS1	  have	  been	  found	  (Ariel	  
et	  al.,	  2010),	  supporting	  the	  functional	  importance	  of	  the	  CTR.	  Recently,	  Arce	  et	  al.	  
(2007)	  showed	  that	  a	  conserved	  motif	  at	  the	  CTR	  of	  the	  Arabidopsis	  HD-­‐Zip	  I	  protein	  
plays	  an	  important	  role	  in	  activating	  downstream	  genes.	  Additional	  support	  of	  the	  
importance	  of	  the	  CTR	  was	  provided	  by	  Hofer	  et	  al.	  (2011).	  This	  group	  found	  that	  the	  
homeotic	  tendril-­‐less	  mutation	  in	  garden	  pea	  (Pisum	  sativum)	  was	  caused	  by	  a	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12-­‐amino-­‐acid	  truncation	  of	  the	  HD-­‐Zip	  I	  protein	  at	  the	  CTR.	  We	  only	  used	  yeast	  cells	  
in	  this	  study;	  however,	  several	  papers	  have	  reported	  similar	  results	  using	  yeast	  and	  
plant	  cells	  (Ohta	  et	  al.,	  2000;	  Hofer	  et	  al.,	  2009;	  Depege-­‐Fargeix	  et	  al.,	  2012).	  Although	  
VRS1	  lacks	  a	  conserved	  motif	  of	  19	  amino	  acids	  at	  the	  CTR	  end,	  our	  data	  suggest	  that	  
this	  deletion	  does	  not	  affect	  the	  activation	  activity.	  In	  conclusion,	  HvHOX2	  and	  VRS1	  
have	  both	  maintained	  the	  ancestral	  function	  of	  transcriptional	  activation.	  
	  
Neofunctionalization	  of	  Vrs1	  by	  modifying	  expression	  
The	  spatial	  and	  temporal	  regulation	  of	  homeobox	  gene	  transcription	  is	  
essential	  for	  patterning	  the	  animal	  body	  axis	  and	  plant	  organ	  formation	  (Sablowski	  et	  
al.,	  1994;	  Noordermeer	  et	  al.,	  2011).	  In	  this	  study,	  we	  revealed	  that	  HvHox2	  mRNA	  
localized	  to	  the	  vascular	  bundles	  of	  the	  rachis	  or	  pedicel,	  whereas	  Vrs1	  mRNA	  localized	  
to	  lateral	  rachillae	  and	  florets,	  and	  particularly	  to	  pistils.	  The	  spatial	  differentiation	  of	  
gene	  expression	  was	  the	  most	  essential	  factor	  in	  the	  neofunctionalization	  of	  Vrs1	  from	  
its	  paralog,	  HvHox2.	  The	  qRT-­‐PCR	  data	  also	  showed	  that	  the	  expression	  patterns	  of	  
Vrs1	  and	  HvHox2	  are	  temporally	  and	  quantitatively	  distinct.	  
OsHox14,	  the	  rice	  HvHox2	  ortholog,	  is	  expressed	  in	  all	  organs	  (Sentoku	  et	  al.,	  
1999).	  Arabidopsis	  ATHB21	  (AT2G18550),	  which	  is	  phylogenetically	  closest	  to	  HvHox2	  
(Sato	  et	  al.,	  2010),	  is	  also	  expressed	  in	  all	  organs	  (Sakuma	  et	  al.,	  2010).	  These	  data	  
indicate	  that	  the	  expression	  pattern	  of	  HvHox2	  is	  conserved,	  whereas	  Vrs1	  has	  
undergone	  neofunctionalization.	  The	  localization	  of	  HvHox2	  mRNA	  in	  the	  vascular	  
bundle	  is	  analogous	  to	  that	  of	  rice	  and	  Arabidopsis	  HD-­‐Zip	  genes.	  In	  rice,	  OsHox4,	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which	  encodes	  HD-­‐Zip	  I	  and	  is	  phylogenetically	  close	  to	  HvHox2	  (Henriksson	  et	  al.,	  
2005),	  was	  expressed	  in	  vascular	  bundles	  (Sakuma	  et	  al.,	  2010).	  Furthermore,	  OsHox1,	  
encoding	  HD-­‐Zip	  II	  (Agalou	  et	  al.,	  2008),	  and	  OSHB1	  to	  OSHB4,	  encoding	  HD-­‐Zip	  III	  
proteins	  (Scarpella	  et	  al.,	  2000),	  were	  also	  localized	  to	  vascular	  tissue.	  The	  HD-­‐Zip	  III	  
class	  genes	  in	  Arabidopsis,	  REVOLUTA/	  INTERFASCICULAR	  FIBERLESS1(IFL1),	  ATHB8,	  
PHAVOLUTA/ATHB9,	  PHABULOSA/ATHB14	  and	  CORONA/ATHB15,	  are	  
well-­‐characterized	  developmental	  regulators	  of	  the	  vascular	  bundles	  (Baima	  et	  al.,	  
1995;	  Talbert	  et	  al.,	  1995;	  McConnell	  et	  al.,	  2001;	  Green	  et	  al.,	  2005;	  Itoh	  et	  al.,	  2008).	  
The	  expression	  profile	  of	  these	  HD-­‐Zip	  genes	  suggests	  that	  HvHox2	  may	  play	  a	  
particular	  role	  in	  vascular	  bundle	  development.	   	  
Phenotypic	  analysis	  of	  the	  vrs1	  mutant	  and	  expression	  analysis	  suggests	  that	  
VRS1	  suppresses	  pistil	  development.	  Vrs1	  is	  expected	  to	  regulate	  processes	  in	  cell	  
division	  and	  elongation,	  and	  not	  in	  organ	  identity,	  as	  the	  floral	  organs	  in	  the	  lateral	  
spikelets	  were	  fully	  differentiated.	  Vrs1	  expression	  was	  not	  detected	  during	  anther	  
development.	  Anthers	  in	  lateral	  spikelets	  showed	  various	  degrees	  of	  development,	  
from	  rudimentary	  to	  fully	  developed	  (i.e.	  producing	  fertile	  pollen;	  Supplementary	  
Table	  3-­‐4).	  In	  the	  case	  of	  KNG,	  functional	  anthers	  develop	  and	  produce	  fertile	  pollen	  
that	  is	  capable	  of	  outcrossing;	  however,	  pistils	  never	  develop	  in	  the	  lateral	  spikelets.	   	  
The	  transcript	  abundance	  of	  Vrs1	  was	  greater	  than	  that	  of	  HvHox2	  during	  
floral	  organ	  differentiation.	  The	  quantitative	  nature	  of	  Vrs1	  function	  was	  
demonstrated	  by	  RNAi	  silencing	  and	  analysis	  of	  a	  natural	  variant	  with	  reduced	  Vrs1	  
expression;	  the	  stronger	  the	  expression	  of	  Vrs1,	  the	  greater	  the	  percentage	  of	  sterile	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lateral	  spikelets.	  These	  data	  strongly	  suggest	  that	  the	  differentiation	  of	  Vrs1	  function	  
might	  be	  a	  result	  not	  only	  of	  spatial	  changes	  in	  expression,	  but	  also	  of	  quantitative	  
changes	  in	  gene	  expression.	  Casneuf	  et	  al.	  (2005)	  demonstrated	  that	  duplicated	  pairs	  
that	  arose	  from	  small-­‐scale	  duplication	  events	  tend	  to	  have	  a	  greater	  level	  of	  
expression	  divergence	  than	  do	  pairs	  from	  larger	  events,	  such	  as	  whole-­‐genome	  
duplication.	  In	  tomato,	  the	  duplication	  and	  transposition	  of	  IQD12	  leads	  to	  the	  novel	  
up-­‐regulation	  of	  its	  descendant	  locus,	  SUN,	  resulting	  in	  an	  elongated	  fruit	  shape	  
(Casneuf	  et	  al.,	  2006).	  Furthermore,	  overexpression	  of	  IQD12	  in	  transgenic	  plants	  is	  
sufficient	  to	  confer	  the	  elongated	  fruit	  shape,	  indicating	  that	  the	  expression	  change	  
alone	  can	  explain	  the	  transition	  to	  a	  novel	  fruit	  shape.	  Thus,	  we	  concluded	  that	  
differentiation	  of	  the	  gene	  expression	  pattern	  contributed	  to	  the	  neofunctionalization	  
of	  Vrs1.	  
	  
Vrs4	  up-­‐regulates	  Vrs1	  
Vrs1	  expression	  is	  predicted	  to	  be	  regulated	  by	  additional	  six-­‐rowed	  spike	  genes	  and	  
we	  previously	  proposed	  that	  these	  genes	  act	  in	  a	  common	  network	  (Xiao	  et	  al.,	  2008).	  
Based	  on	  the	  drastic	  reduction	  in	  Vrs1	  expression	  in	  the	  vrs4	  mutant,	  we	  suggest	  that	  
VRS4	  works	  as	  a	  transcriptional	  activator	  to	  induce	  or	  enhance	  Vrs1	  transcription	  in	  
the	  lateral	  florets	  of	  wildtype	  two-­‐rowed	  barley.	  This	  possibility	  is	  supported	  by	  the	  
observation	  that	  most	  lateral	  florets	  in	  the	  vrs4	  mutant	  are	  well	  developed	  and	  set	  
grains	  (70%	  fertility	  in	  spike).	  The	  vrs4	  mutant	  spikes	  showed	  two	  to	  four	  additional	  
fertile	  spikelets	  at	  each	  rachis	  node,	  resulting	  in	  a	  total	  of	  five	  to	  seven	  fertile	  spikelets	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per	  rachis	  (Forster	  et	  al.,	  2007;	  Pourkheirandish	  &	  Komatsuda,	  2007).	  VRS4	  likely	  
suppresses	  the	  differentiation	  of	  these	  additional	  spikelets	  in	  the	  wildtype.	  This	  
suppression	  of	  the	  additional	  spikelets	  may	  not	  be	  mediated	  by	  VRS1,	  because	  any	  
vrs1	  mutants	  alone	  were	  not	  sufficient	  to	  differentiate	  additional	  spikelets.	  Although	  
Vrs1	  expression	  was	  up-­‐regulated	  by	  Vrs4,	  HvHox2	  expression	  was	  not.	  These	  data	  also	  
support	  the	  findings	  that	  Vrs1	  is	  expressed	  at	  higher	  levels	  than	  HvHox2	  and	  is	  
localized	  to	  lateral	  florets.	  The	  regulatory	  region	  of	  Vrs1	  was	  likely	  modified	  after	  the	  
duplication	  of	  the	  ancestral	  HD-­‐Zip	  I	  gene,	  such	  that	  Vrs4	  now	  controls	  its	  expression.	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Summary	  
•	  Barley	  (Hordeum	  vulgare)	  spikes	  are	  developmentally	  switched	  from	  two-­‐rowed	  to	  
six-­‐rowed	  by	  a	  single	  recessive	  gene,	  six-­‐rowed	  spike	  1	  (vrs1),	  which	  encodes	  a	  
homeodomain-­‐leucine	  zipper	  I	  class	  transcription	  factor.	  Vrs1	  is	  a	  paralog	  of	  HvHox2	  
and	  both	  were	  generated	  by	  duplication	  of	  an	  ancestral	  gene.	  HvHox2	  is	  conserved	  
among	  cereals,	  whereas	  Vrs1	  acquired	  its	  current	  function	  during	  the	  evolution	  of	  
barley.	  It	  was	  unclear	  whether	  divergence	  of	  expression	  pattern	  or	  protein	  function	  
accounted	  for	  the	  functionalization	  of	  Vrs1.	  
•	  Here,	  we	  conducted	  a	  comparative	  analysis	  of	  protein	  functions	  and	  gene	  expression	  
between	  HvHox2	  and	  Vrs1	  to	  clarify	  the	  functionalization	  mechanism.	  
•	  We	  revealed	  that	  the	  transcriptional	  activation	  activity	  of	  HvHOX2	  and	  VRS1	  was	  
conserved.	  In	  situ	  hybridization	  analysis	  showed	  that	  HvHox2	  is	  localized	  in	  vascular	  
bundles	  in	  developing	  spikes,	  whereas	  Vrs1	  is	  expressed	  exclusively	  in	  the	  pistil,	  lemma,	  
palea	  and	  lodicule	  of	  lateral	  spikelets.	  The	  transcript	  level	  of	  Vrs1	  was	  >	  10-­‐fold	  greater	  
than	  that	  of	  HvHox2	  during	  the	  pistil	  developmental	  stage,	  suggesting	  that	  the	  
essential	  function	  of	  Vrs1	  is	  to	  inhibit	  gynoecial	  development.	  We	  demonstrated	  the	  
quantitative	  function	  of	  Vrs1	  using	  RNAi	  transgenic	  plants	  and	  Vrs1	  expression	  variants.	  
Expression	  analysis	  of	  six-­‐rowed	  spike	  mutants	  that	  are	  non-­‐allelic	  to	  vrs1	  showed	  that	  
Vrs1	  expression	  was	  up-­‐regulated	  by	  Vrs4,	  whereas	  HvHox2	  expression	  was	  not.	  
•	  These	  data	  demonstrate	  that	  divergence	  of	  gene	  expression	  pattern	  contributed	  to	  
the	  neofunctionalization	  of	  Vrs1.	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Figure	  3-­‐1.	  Transactivation	  analysis	  of	  HvHOX2	  and	  VRS1	  in	  yeast.	   	  
A	  series	  of	  HvHOX2	  and	  VRS1	  deletion	  constructs	  is	  shown	  on	  the	  left.	  The	  numbers	  in	  
parenthesis	  indicate	  the	  amino	  acid	  residue	  numbers	  of	  HvHOX2	  or	  VRS1.	  
Transactivation	  analysis	  of	  the	  corresponding	  constructs	  by	  the	  yeast	  one-­‐hybrid	  
system	  was	  performed	  on	  SD/–Trp	  and	  SD/–Trp/+AbA	  media.	  SD,	  synthetic	  dropout;	  
–Trp,	  lacking	  tryptophan;	  GAL4-­‐BD,	  GAL4	  DNA-­‐binding	  domain;	  NTR,	  N-­‐terminal	  
region;	  HD-­‐Zip,	  homeodomain-­‐leucine	  zipper;	  CTR,	  C-­‐terminal	  region;	  AbA,	  
aureobasidin	  A.	  The	  star	  indicates	  a	  conserved	  motif	  at	  the	  CTR	  in	  HvHOX2	  and	  its	  
orthologs,	  but	  VRS1	  lacks	  the	  motif.	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Figure	  3-­‐2.	  Localization	  of	  Vrs1	  and	  HvHox2	  mRNA	  in	  immature	  barley	  (Hordeum	  vulgare)	  spikes	  by	  RNA	  
in	  situ	  hybridization.	  
(a)	  Structure	  of	  Vrs1	  and	  HvHox2.	  The	  diagrams	  start	  and	  end	  at	  the	  transcription	  initiation	  and	  
polyadenylation	  sites,	  respectively.	  The	  homeodomain	  is	  in	  black,	  the	  leucine	  zipper	  in	  gray.	  Blue	  and	  
orange	  boxes	  show	  the	  sequence	  unique	  to	  Vrs1	  and	  HvHox2,	  respectively.	  Vrs1-­‐ISH	  and	  HvHox2-­‐ISH	  are	  
the	  probes	  used	  for	  the	  in	  situ	  hybridizations	  in	  this	  study.	  (b–g)	  HvHox2	  probe.	  hex-­‐v.3,	  a	  complete	  Vrs1	  
deletion	  six-­‐rowed	  mutant	  was	  used.	  Transverse	  sections	  at	  the	  awn	  primordium	  stage	  (b,	  c;	  antisense,	  
sense	  probe),	  and	  the	  white	  anther	  stage	  (d,	  e;	  antisense,	  sense	  probe).	  Higher	  magnification	  of	  boxed	  
regions	  in	  (d)	  and	  (e)	  are	  shown	  in	  (f)	  and	  (g),	  respectively.	  (h–m)	  Vrs1	  probe.	  Longitudinal	  sections	  of	  
two-­‐rowed	  barley	  cv	  Bonus	  at	  the	  white	  anther	  stage	  (h);	  (i)	  a	  higher	  magnification	  of	  the	  boxed	  lateral	  
spikelet	  in	  (h);	  (j)	  transverse	  sections	  of	  Bonus	  at	  the	  white	  anther	  stage;	  (k)	  a	  higher	  magnification	  of	  
the	  boxed	  lateral	  spikelet	  in	  (j);	  (l)	  sense	  probe;	  (m)	  hex-­‐v.3	  mutant	  hybridized	  with	  the	  antisense	  probe.	  
gl,	  glume;	  le,	  lemma;	  pa,	  palea;	  st,	  stamen;	  lo,	  lodicule;	  pi,	  pistil;	  ra,	  rachilla,	  pv,	  provascular	  cell;	  tr,	  
tracheid.	  Bars:	  (b–e,	  j,	  l,	  m)	  500	  µm;	  (h)	  200	  µm;	  (i,	  k)	  100	  µm;	  (f,	  g)	  50	  µm.	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Figure	  3-­‐3	  Anti-­‐VRS1	  antibody	  immunostaining	  of	  immature	  barley	  (Hordeum	  vulgare)	  
spikes.	  
(a–d)	  Two-­‐rowed	  cv	  Bonus:	  (a)	  transverse	  sections	  at	  the	  awn	  primordium	  stage;	  (b)	  a	  
higher	  magnification	  of	  the	  boxed	  lateral	  spikelet	  in	  (a);	  (c)	  co-­‐staining	  with	  anti-­‐VRS1	  
antibody	  and	  DAPI;	  (d)	  a	  negative	  control	  lacking	  antibody	  and	  DAPI.	  (e–h)	  The	  hex-­‐v.3	  
six-­‐rowed	  spike	  mutant	  (Vrs1	  knock-­‐out):	  (e)	  transverse	  sections	  at	  the	  awn	  
primordium	  stage;	  (f)	  at	  the	  white	  anther	  stage;	  (g)	  at	  the	  awn	  primordium	  stage	  and	  
labeled	  with	  anti-­‐VRS1	  antibody	  and	  DAPI	  staining;	  (h)	  at	  the	  awn	  primordium	  stage	  in	  
the	  absence	  of	  anti-­‐VRS1	  antibody	  or	  DAPI.	  cs,	  central	  spikelet;	  ls,	  lateral	  spikelet;	  ra,	  
rachis.	  Bars:	  (a,	  d–h)	  100	  µm;	  (b,	  c)	  50	  µm.	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Figure	  3-­‐4.	  Transcript	  abundances	  of	  Vrs1	  and	  HvHox2	  in	  developing	  barley	  (Hordeum	  
vulgare)	  spikes.	  
Two-­‐rowed	  cvs	  Bonus	  (a)	  and	  Kanto	  Nakate	  Gold	  (KNG)	  (both	  Vrs1.b3	  alleles)	  (b),	  and	  
six-­‐rowed	  cvs	  Azumamugi	  (AZ;	  vrs1.a1	  allele)	  (c)	  and	  Hayakiso-­‐2	  (HK2;	  vrs1.c	  allele)	  (d)	  
were	  used.	  The	  mRNA	  copy	  number	  µg-­‐1	  total	  RNA	  of	  Vrs1,	  HvHox2	  and	  HvActin	  were	  
determined	  by	  quantitative	  real-­‐time	  PCR	  (qRT-­‐PCR).	  The	  constitutively	  expressed	  
HvActin	  gene	  was	  used	  as	  the	  internal	  control	  for	  calculating	  the	  relative	  expression	  
levels	  of	  the	  Vrs1	  (Vrs1	  mRNA	  copy	  /	  HvActin	  mRNA	  copy)	  and	  HvHox2	  (HvHox2	  mRNA	  
copy	  /	  HvActin	  mRNA	  copy).	  The	  numbers	  below	  each	  bar	  refer	  to	  the	  developmental	  
stage	  assayed	  (1,	  triple-­‐mound	  stage;	  2,	  glume	  primordium	  stage;	  3,	  lemma	  
primordium	  stage;	  4,	  stamen	  primordium	  stage;	  5,	  awn	  primordium	  stage;	  6,	  white	  
anther	  stage;	  7,	  green	  anther	  stage;	  8,	  yellow	  anther	  stage).	  Means	  ±	  SE	  of	  three	  
biological	  replicates	  are	  shown.	  **,	  *,	  Means	  are	  significantly	  different	  at	  the	  1%	  and	  
5%	  probability	  levels,	  respectively;	  ns,	  not	  significantly	  different.	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Figure	  3-­‐5.	  Analysis	  of	  transgenic	  barley	  (Hordeum	  vulgare)	  plants	  exhibiting	  RNAi-­‐mediated	  
knock-­‐down	  of	  Vrs1.	  
In	  the	  wildtype	  cv	  Golden	  Promise	  (a,	  c),	  lateral	  spikelet	  development	  is	  suppressed,	  whereas	  in	  the	  Vrs1	  
RNAi	  transgenic	  (BG87/1E18,	  T1	  generation)	  plants	  (b,	  d),	  lateral	  spikelets	  developed	  and	  produced	  
grains.	  Bars,	  5	  mm.	  (e)	  Length	  of	  lateral	  spikelets	  in	  seven	  transgenic	  (T1	  generation)	  plants	  derived	  from	  
seven	  independent	  T0	  plants	  harboring	  CaMV	  35S	  (p35S)	  or	  rice	  Actin1	  (pActin)	  promoter-­‐driven	  Vrs1	  
RNAi.	  Wildtype	  and	  nontransgenic	  plants	  derived	  from	  the	  segregation	  of	  T1	  were	  included	  as	  controls.	  
Open	  bars,	  length	  of	  lemma;	  closed	  bars,	  length	  of	  awn	  in	  the	  lateral	  spikelet.	  Expression	  level	  of	  Vrs1	  (f)	  
and	  HvHox2	  (g),	  as	  determined	  by	  quantitative	  real-­‐time	  PCR	  (qRT-­‐PCR).	  The	  constitutively	  expressed	  
HvActin	  gene	  was	  used	  as	  the	  internal	  control.	  Immature	  spikes	  at	  the	  white	  anther	  stage	  of	  transgenic	  
and	  nontransgenic	  plants	  (T1	  generation)	  were	  used.	  Data	  shown	  are	  means	  ±	  SE	  of	  at	  least	  three	  
biological	  replicates.	  **,	  *,	  Means	  are	  significantly	  different	  at	  the	  1%	  and	  5%	  probability	  levels,	  
respectively,	  compared	  with	  nontransgenic	  plants.	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Figure	  3-­‐6.	  Expression	  analysis	  of	  Vrs1	  in	  nonallelic	  six-­‐rowed	  barley	  (Hordeum	  vulgare)	  spike	  
mutants.	  
Transcript	  abundances	  of	  Vrs1	  (a),	  HvHox2	  (b)	  and	  HvActin	  (c)	  in	  immature	  spikes	  at	  the	  awn	  
primordium	  stage	  of	  six-­‐rowed	  spike	  mutants	  (open)	  and	  their	  original	  cultivars	  (closed)	  were	  
measured	  by	  quantitative	  real-­‐time	  PCR	  (qRT-­‐PCR).	  The	  constitutively	  expressed	  HvActin	  gene	  
was	  used	  as	  the	  internal	  control.	  Data	  shown	  are	  means	  ±	  SE	  of	  at	  least	  three	  biological	  
replicates.	  **,	  *,	  Means	  are	  significantly	  different	  at	  the	  1%	  and	  5%	  probability	  levels,	  
respectively;	  ns,	  not	  significantly	  different.	  WT,	  wildtype.	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Supplementary	  Figure	  3-­‐1.	  The	  PCR	  amplification	  efficiency	  of	  qRT-­‐PCR	  primers.	  
(a)	  Primers	  targeted	  by	  qRT-­‐PCR	  shown	  by	  arrows.	  Blue	  and	  orange	  boxes	  show	  the	  
sequence	  unique	  to	  Vrs1	  and	  HvHox2,	  respectively.	  Standard	  curves	  for	  Vrs1	  (b),	  
HvHox2	  (c)	  and	  HvActin	  (d).	  The	  plot	  of	  the	  log	  of	  initial	  target	  copy	  number	  versus	  
threshold	  cycle	  (CT)	  is	  a	  straight	  line.	  Amplicon	  lengths	  are	  121	  bp,	  137	  bp	  and	  130	  bp	  
for	  Vrs1,	  HvHox2	  and	  HvActin,	  respectively.	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Supplementary	  Figure	  3-­‐2.	  Transcript	  abundance	  of	  HvActin	  in	  developing	  spikes.	  
Two-­‐rowed	  cvs	  Bonus	  (a)	  and	  KNG	  (Vrs1.b3	  alleles)	  (b),	  and	  six-­‐rowed	  cvs	  AZ	  (vrs1.a1	  
allele)	  (c)	  and	  HK2	  (vrs1.c	  allele)	  (d)	  were	  used.	  The	  numbers	  below	  each	  bar	  refer	  to	  
the	  developmental	  stage	  assayed	  (1,	  triple-­‐mound	  stage;	  2,	  glume	  primordium	  stage;	  3,	  
lemma	  primordium	  stage;	  4,	  stamen	  primordium	  stage;	  5,	  awn	  primordium	  stage;	  6,	  
white	  anther	  stage;	  7,	  green	  anther	  stage;	  8,	  yellow	  anther	  stage).	  Mean	  ±	  SE	  of	  three	  
biological	  replicates	  (bulk	  of	  50	  mg	  F.W.	  immature	  spikes	  per	  replicate)	  are	  shown.	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spike developmental stage in two-rowed cv Bonus (Vrs1.b3)  
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spike developmental stage in two-rowed cv KNG (Vrs1.b3)  
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spike developmental stage in six-rowed cv AZ (vrs1.a1)  
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spike developmental stage in six-rowed cv HK2 (vrs1.c)  
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Supplementary	  Table	  3-­‐1.	  List	  of	  induced	  six-­‐rowed	  barley	  mutants	  and	  their	  original	  
cultivars.	  
	  
	  
Mutant # Original cv. Locus Mutagen Mutation of Vrs1 Reference
hex-v.3 Bonus vrs1 Neutrons Complete deletion Fukuyama et al., (1972)
hex-v.44 Bonus vrs1 Iso-Propyl methanesulfonate Stop codon in second exon Fukuyama et al., (1972)
Kmut27 Svanhals vrs2 X-ray No change Takahashi et al., (1972)
int-a.1 Bonus vrs3 X-ray No change Lundqvist and Lundqvist (1988)
Xc41.5 Piroline vrs4 X-ray No change Fukuyama et al., (1972)
int-c.5 Bonus int-c X-ray No change Lundqvist and Lundqvist (1988)
Table S1. List of induced six-rowed mutants and their original cultivars
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Supplementary	  Table	  3-­‐2.	  Primer	  and	  vector	  information.	  
	  
	  
Gene Primer name 5'-Sequence-3' Cloning vector
HvActin DN182500F276 ATGTGGATATCAGGAAGGA pBluescript II KS (+)
DN182500R533 TCGCAACTTAGAAGCACTTCCG
Vrs1 M111L15F84380 CATACTTAACGCACGCCTAGAGATC pCR4-TOPO
M111L15R85696 TCACGATCCCTTCTTTCCCTC
HvHox2 HvHox2 genome 1U24 GACGCACTCCCCTCCTTCAACTAG pBluescript II KS (+)
HvHox2 genome 1260L24 AACACAACACATCGTCTCTGAACT
HvActin DN182500F425 AAGTACAGTGTCTGGATTGGAGGG
DN182500R533 TCGCAACTTAGAAGCACTTCCG
Vrs1 Vrs1 genome 1651U20 CCGAGATAGCTGCTGCCGCC
Vrs1 genome 1752L20 TGCATCGCGGGCAATGGAGA
HvHox2 HvHox2 genome 1040U24 GCGTGGTCGAGTGGTTTAGCCTGT
HvHox2 genome 1155L22 CGCCTACAGATCATCCCAGCTT
Vrs1 Vrs1 genome 1552U25 GGTTTTTAGCATGAATTAGAGTTTA pBluescript II KS (+)
Vrs1 genome 1827L25 TATACAGGCTAAAAACCAAAGATTA 
HvHox2 HvHox2 genome 1U21 GACGCACTCCCCTCCTTCAAC pBluescript II KS (+)
HvHox2 genome 1293L21 GCTGAAGTAAAACATATACTA
Vrs1 Vrs1 genome 880U21 AAGCAGAGGGCGCGGCGCAGG pIPKb008
Vrs1 genome 1588L21 ACTCGACCACGCTGCTATCGG pIPKb009
transgene GH-HYG-F1 GATCGGACGATTGCGTCGCA
GH-HYG-R2 TATCGGCACTTTGCATCGGC
HvHox2 I EcoRI+HvHox2 coding_1U20 TGAATTCATGGACAAGCAGCACCTCTT pGBKT7
HvHox2 coding_692L20+BamHI TGGATCCTCAAATCAGCCCATACAGGC
II EcoRI+HvHox2 coding_1U20 TGAATTCATGGACAAGCAGCACCTCTT pGBKT7
HvHox2 coding_633L20+BamHI TGGATCCACTCGGGGACGCACATCATC
III EcoRI+HvHox2 coding_1U20 TGAATTCATGGACAAGCAGCACCTCTT pGBKT7
HvHox2 coding_457L15+BamHI TGGATCCGAGGCGCCGCACCTC
IV EcoRI+HvHox2 coding_1U20 TGAATTCATGGACAAGCAGCACCTCTT pGBKT7
HvHox2 coding_172L15+BamHI TGGATCCCAGCCGGCGCTTCTT
V EcoRI+HvHox2 coding_472U15 TGAATTCAGGTCGGGAGCTGGG pGBKT7
HvHox2 coding_692L20+BamHI TGGATCCTCAAATCAGCCCATACAGGC
VI EcoRI+HvHox2 coding_472U15 TGAATTCAGGTCGGGAGCTGGG pGBKT7
HvHox2 coding_633L20+BamHI TGGATCCACTCGGGGACGCACATCATC
VII EcoRI+HvHox2 coding_652U20 TGAATTCTATGGTGGCTACGTCGATAG pGBKT7
HvHox2 coding_692L20+BamHI TGGATCCTCAAATCAGCCCATACAGGC
Vrs1 VIII EcoRI+Vrs1 coding_1U20 TGAATTCATGGACAAGCATCAGCTCTT pGBKT7
Vrs1 coding_650L20+BamHI TGGATCCTCATGCTAAAAACCACTCGG
IX EcoRI+Vrs1 coding_1U20 TGAATTCATGGACAAGCATCAGCTCTT pGBKT7
Vrs1 coding_460L15+BamHI TGGATCCGAGGCGCCGCACCTC
X EcoRI+Vrs1 coding_1U20 TGAATTCATGGACAAGCATCAGCTCTT pGBKT7
Vrs1 coding_170L20+BamHI TGGATCCGAGCCGCCGCTTCTTGGGGT
XII EcoRI+Vrs1 coding_475U15 TGAATTCAGGTCGGCAGCTGGG pGBKT7
Vrs1 coding_650L20+BamHI TGGATCCTCATGCTAAAAACCACTCGG
Yeast one hybrid assay
Table S2. Primer and vector information
RNAi construct
Genotype of transgenic plants
Cloning for standard curve
qRT-PCR
In situ hybridization
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Supplementary	  Table	  3-­‐3.	  Phenotype	  of	  transgenic	  barley.	  
	  
	  
Table S3. Phenotype of transgenic barley
Central spikelet
mean ± s.e. (mm) mean ± s.e. (mm) mean ± s.e. (mm) mean ± s.e. (%) mean ± s.e. (%) range
Golden Promise WT – 3 9 27 59.0 ± 0.8 9.2 ± 0.2 0 79.6 ± 12.4 0
No transgene T1 – 3 9 27 61.6 ± 2.1 8.1 ± 0.1 0 75.6 ± 11.3 0
BG78/1E01 T1 + 6 18 54 50.0 ± 2.4 8.6 ± 0.2 1.5 ± 1.0 69.9 ± 3.3 0
BG78/1E02 T1 + 6 18 54 57.9 ± 3.6 9.1 ± 0.1 8.1 ± 1.1 68.6 ± 9.9 0
BG78/2E02 T1 + 6 18 54 61.9 ± 3.7 9.2 ± 0.1 3.0 ± 0.8 60.5 ± 3.7 0
BG78/3E02 T1 + 6 18 54 59.1 ± 5.0 8.7 ± 0.4 3.1 ± 1.6 75.9 ± 7.7 0
No transgene T1 – 3 9 27 60.6 ± 2.1 8.4 ± 0.1 0 73.6 ± 14.3 0
BG87/1E18 T1 + 7 21 63 67.6 ± 4.5 8.8 ± 0.3 6.8 ± 1.6 66.0 ± 7.7 2.0 ± 1.8 0 – 38
BG87/1E35 T1 + 7 21 63 66.7 ± 2.0 9.9 ± 0.2 17.2 ± 2.5 76.6 ± 6.8 1.8 ± 0.7 0 – 14
BG87/2E04 T1 + 7 21 63 73.0 ± 3.5 9.8 ± 0.1 15.3 ± 1.9 78.3 ± 6.7 0.3 ± 0.3 0 – 5
BG78 lines: CaMV 35S promoter
BG87 lines: rice Actin1 promoter
Plant ID No. ofplantsTransgene
Length of lemma in
lateral spikelet
Length of awn in
lateral spikelet
Fertility of 
No. of lateral
spikelets
No. of
spikes Lateral spikelet
Length of spike
Generation
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Supplementary	  Table	  3-­‐4.	  Development	  of	  the	  lateral	  spikelet	  in	  two-­‐rowed	  cultivars.	  
	  
	  
Table S4. Development of the lateral spikelet in cultivars
Cultivar Row-type Antherdevelopment Pollen fertility
Awn length
(mm)
Seed setting
(%)
Bonus two-rowed rudimental No pollen 0 0
GP two-rowed rudimental No pollen 0 0
Barke two-rowed developed sterile 0 0
Hanna two-rowed developed sterile 0 0
KNG two-rowed developed fertile 0 0
HN two-rowed developed fertile 0 0
AZ six-rowed developed fertile ~ 70 100
Morex six-rowed developed fertile ~ 100 100
HK2 six-rowed developed fertile ~ 5 100
We observed that the floral organs in the lateral spikelets of two-rowed cultivars
exhibited a variable degree of development, especially of anthers, and pollen
fertility. Anthers failed to develop in the lateral spikelets of Bonus and GP. Barke
and Hanna developed anthers in 20% of the lateral spikelets, but the pollen was
sterile. The lateral spikelets of KNG and HN gave rise to developed anthers and
fertile pollen, but no seeds were produced because this cultivar did not develop
pistils.GP; Golden Promise, KNG; Kanto Nakate Gold, HN; Haruna Nijo, AZ;
Azumamugi, HK2; Hayakiso-2
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  4	  
	  
General	  Discussion	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Barley	  (Hordeum	  vulgare	  L.)	  is	  one	  of	  the	  most	  important	  crops	  that	  
represent	  the	  fourth	  most	  abundant	  cereal	  production	  (http://faostat.fao.org).	  Despite	  
the	  importance	  for	  global	  agriculture,	  deciphering	  a	  complete	  genome	  sequence	  of	  
barley	  so	  far	  has	  been	  precluded	  by	  the	  huge	  size	  (5.1	  gigabases)	  and	  complexity	  of	  its	  
genome.	  Recently,	  the	  estimated	  ~32,000	  barley	  genes	  were	  assigned	  to	  individual	  
chromosome	  arms	  and	  a	  physical	  map	  of	  4.98	  Gb,	  with	  more	  than	  3.90	  Gb	  anchored	  to	  
a	  high-­‐resolution	  genetic	  map	  was	  developed	  (Mayer	  et	  al.,	  2012).	  These	  sequence	  
data	  (http://webblast.ipk-­‐gatersleben.de/barley/viroblast.php)	  will	  accelerate	  the	  
isolation	  of	  agricultural	  important	  genes,	  such	  as	  drought	  tolerance,	  disease	  resistance	  
and	  yield	  increase.	   	  
Most	  domestication	  genes	  responsible	  for	  the	  major	  morphological	  change	  
in	  cereal	  crops	  are	  transcriptional	  regulators	  suggesting	  that	  this	  class	  of	  genes	  played	  
a	  central	  role	  during	  domestication	  (Gross	  &	  Olsen,	  2010).	  In	  the	  case	  of	  the	  loss	  of	  
seed	  shattering	  which	  is	  classical	  domestication	  trait,	  responsible	  loci	  are	  conserved	  in	  
Triticeae	  (Azhacuvel	  et	  al.,	  2006;	  Sakuma	  et	  al.,	  2011),	  but	  the	  rice	  shattering	  was	  
controlled	  by	  different	  loci	  (Konishi	  et	  al.,	  2006).	  In	  the	  first	  chapter,	  the	  domestication	  
genes	  responsible	  for	  the	  important	  morphological	  changes	  in	  the	  Triticeae	  were	  
summarized.	  Along	  with	  other	  domestication	  genes,	  the	  barley	  six-­‐rowed	  spike	  caused	  
from	  loss-­‐of-­‐function	  mutation	  of	  Six-­‐rowed	  spike	  1	  (Vrs1)	  gene	  encoding	  HD-­‐Zip	  I	  
transcription	  factor	  (Komatsuda	  et	  al.,	  2007).	   	  
In	  the	  second	  chapter,	  the	  functional	  evolution	  of	  Vrs1	  was	  analyzed.	  I	  found	  
HvHox2,	  which	  is	  a	  paralog	  of	  Vrs1	  and	  highly	  conserved	  in	  cereals.	  Comparative	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genomic	  analysis	  among	  cereals	  revealed	  that	  the	  Vrs1	  orthologues	  of	  Brachypodium,	  
rice,	  sorghum	  and	  maize	  were	  absent	  indicating	  this	  transcription	  factor	  might	  be	  
specific	  in	  barley	  (Sakuma	  et	  al.,	  2010).	  Phylogenetic	  and	  expression	  analyses	  
supported	  that	  Vrs1	  and	  HvHox2	  must	  have	  diverged	  after	  the	  separation	  of	  
Brachypodium	  and	  Pooideae	  and	  Vrs1	  acquired	  its	  new	  function	  during	  the	  evolution	  
of	  the	  barley	  (Sakuma	  et	  al.,	  2010).	  These	  findings	  indicate	  that	  there	  are	  multiple	  
genetic	  pathways	  to	  modify	  the	  domestication	  traits	  because	  of	  existing	  of	  various	  
species-­‐specific	  transcription	  factors.	  
Gene	  duplication	  provides	  raw	  genetic	  material	  for	  the	  acquisition	  of	  new	  
characters	  during	  genome	  evolution.	  Several	  models	  for	  generation,	  maintenance	  and	  
diversification	  of	  gene	  copies	  have	  been	  proposed	  (Innan	  &	  Kondrashov,	  2010).	  The	  
most	  well-­‐known	  model	  is	  Ohno’s	  neofunctionalization	  model	  (Ohno,	  1970).	  He	  
hypothesized	  that	  a	  single	  gene	  copy	  is	  enough	  to	  accomplish	  the	  function	  of	  the	  gene	  
and	  therefore	  extra	  copies	  are	  redundant.	  The	  new	  copy	  can	  be	  pseudogenized	  or	  lost	  
through	  the	  accumulation	  of	  neutral	  mutations,	  however,	  occasionally	  copy	  gene	  
accumulates	  substitutions	  and	  it	  may	  acquire	  a	  new	  gene	  function	  that	  will	  be	  
maintained.	  Recently,	  Nasvall	  et	  al.	  (2012)	  proposed	  that	  the	  
innovation-­‐amplification-­‐divergence	  (IAD)	  model	  that	  the	  new	  function	  appears	  before	  
duplication	  and	  functionally	  distinct	  new	  genes	  evolve	  under	  continuous	  selection.	  
They	  demonstrated	  this	  model	  using	  Salmonella	  enterica.	  In	  the	  third	  chapter,	  I	  
investigated	  how	  Vrs1	  acquired	  its	  current	  functions.	  Yeast	  one	  hybrid	  assay	  revealed	  
that	  both	  HvHOX2	  and	  VRS1	  function	  as	  a	  transcriptional	  regulator.	  Expression	  analysis	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revealed	  that	  HvHox2	  was	  localized	  in	  vascular	  bundles	  in	  developing	  spikes,	  whereas	  
Vrs1	  is	  expressed	  exclusively	  in	  the	  pistil,	  lemma,	  palea	  and	  lodicule	  of	  lateral	  spikelets.	  
These	  data	  demonstrate	  that	  divergence	  of	  gene	  expression	  pattern	  contributed	  to	  the	  
neofunctionalization	  of	  Vrs1	  (Sakuma	  et	  al.,	  2013).	  
The	  structure	  gene	  in	  the	  downstream	  controlled	  by	  specific	  transcription	  
factor	  might	  be	  conserved	  over	  the	  species.	  Thus,	  our	  next	  target	  should	  be	  the	  
downstream	  gene(s)	  of	  transcription	  factors	  to	  understand	  the	  regulated	  mechanism	  
of	  domestication	  genes.	  In	  the	  case	  of	  six-­‐rowed	  spike,	  there	  would	  be	  two	  approaches	  
to	  elucidate	  the	  regulated	  mechanism:	  (1)	  protein–DNA	  interaction	  and	  (2)	  microarray	  
or	  deep	  RNA	  sequencing.	  In	  the	  first	  approach,	  chromatin	  immunoprecipitation	  (ChIP)	  
of	  transcription	  factors	  followed	  by	  sequencing	  (ChIP-­‐SEQ)	  is	  powerful	  method	  
(Kaufmann	  et	  al.,	  2010)	  to	  answer	  the	  question	  that	  where	  the	  DNA	  sequence(s)	  
(cis-­‐element	  of	  downstream	  gene)	  are	  target	  by	  VRS1	  protein.	  In	  the	  second	  approach,	  
we	  would	  test	  the	  microarray	  or	  RNA	  sequencing	  using	  the	  six-­‐rowed	  spike	  mutant	  
which	  lacks	  the	  Vrs1	  segment	  to	  understand	  the	  gene(s)	  that	  moves	  on	  the	  same	  
network	  as	  Vrs1.	  Further	  analysis	  will	  shed	  light	  on	  the	  genetic	  regulatory	  mechanism	  
for	  the	  spike	  development	  in	  barley.	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Appendix	  1.	  Organ-­‐specific	  expression	  of	  Vrs1	  and	  HvHox2.	  
Vrs1	  and	  HvHox2	  expression	  were	  analyzed	  by	  quantitative	  RT-­‐PCR.	  Organs	  were	  
isolated	  from	  Golden	  Promise	  plants	  at	  the	  flag-­‐leaf	  stage,	  where	  the	  spikes	  were	  at	  
the	  green	  anther	  stage.	  Data	  are	  means	  ±	  S.E.	  of	  three	  biological	  replicates	  (bulk	  of	  50	  
mg	  F.W.	  sample	  per	  replicate).	  The	  constitutively	  expressed	  HvActin	  gene	  was	  used	  as	  
a	  control.	  The	  means	  of	  Vrs1	  and	  HvHox2	  expression	  in	  lateral	  spikelets	  were	  not	  
significantly	  different	  at	  the	  5%	  probability	  level.	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Figure 4. Organ-specific expression of Vrs1 and HvHox2 mRNA.
Vrs1 and HvHox2 expression were analyzed by quantitative RT-PCR. Organs were 
isolated from Golden Promise plants at the flag-leaf stage, where the spikes were 
at the green anther stage. Data are means ± S.E. of three biological replicates 
(bulk of 50 mg F.W. sample per replicate). The constitutively expressed HvActin 
gene was used as a control. The means of Vrs1 and HvHox2 expression in lateral 
spikelets were not significantly different at the 5% probability level.  
Vrs1 
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Appendix	  2.	  Genomic	  segment	  duplication	  of	  the	  HvHox2	  locus.	  
(A)	  Comparison	  between	  the	  HvHox2	  and	  Vrs1	  in	  the	  cv.	  Morex	  BAC	  sequence.	  Genes	  
and	  conserved	  non-­‐coding	  sequences	  are	  depicted	  in	  gray	  and	  transposable	  elements	  
(TEs)	  are	  presented	  as	  colored	  boxes	  (red,	  Copia;	  yellow,	  Gypsy;	  blue,	  CACTA;	  white,	  
unclassified	  TE).	  The	  transcriptional	  orientation	  of	  genes	  is	  indicated	  by	  arrows,	  and	  ref.	  
indicates	  the	  HvHox2	  reference	  sequence	  used	  to	  generate	  a	  similarity	  plot.	  Query	  1	  
and	  query	  2	  are	  Vrs1	  queries	  used	  for	  similarity	  plot	  analysis.	  (B)	  Similarity	  between	  
barley	  HvHox2	  and	  orthologous	  regions	  in	  other	  cereal	  crops.	  The	  genomic	  sequences	  
comprising	  the	  8.6-­‐kb	  upstream	  region,	  1.0-­‐kb	  gene	  region,	  and	  3.3-­‐kb	  downstream	  
region	  of	  HvHox2	  [ref.	  in	  (A)],	  Vrs1	  [combining	  query	  1	  and	  query	  2	  in	  (A)]	  and	  cereal	  
HvHox2	  ortholog	  [5.0-­‐kb	  upstream	  region,	  1.0-­‐kb	  gene	  region,	  5.0-­‐kb	  downstream	  
region]	  are	  represented	  in	  a	  VISTA	  plot	  using	  the	  HvHox2	  sequence	  as	  a	  reference	  
(x-­‐axis,	  window	  size	  100	  bp).	  Similarities	  between	  HvHox2	  and	  Vrs1	  and	  HvHox2	  
orthologs	  are	  plotted	  on	  the	  y-­‐axis	  and	  range	  from	  50	  to	  100%.	  The	  position	  of	  the	  
TATA	  box	  (TATA),	  transcriptional	  start	  site	  (TSS),	  translational	  start	  ATG,	  and	  stop	  
codon	  is	  indicated.	  Pink,	  non-­‐coding	  sequence;	  aqua,	  UTR;	  purple,	  coding	  sequence.	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Figure 8. Genomic segment duplication of the HvHox2 locus.
(A) Comparison between the HvHox2 and Vrs1 in the cv. Morex BAC sequence. Genes and conserved non-coding sequences are depicted in gray and transposable elements (TEs) are presented 
as colored boxes (red, Copia; yellow, Gypsy; blue, CACTA; white, unclassified TE). The transcriptional orientation of genes is indicated by arrows, and ref. indicates the HvHox2 reference 
sequence used to generate a similarity plot. Query 1 and query 2 are Vrs1 queries used for similarity plot analysis. (B) Similarity between barley HvHox2 and orthologous regions in other cereal 
crops. The genomic sequences comprising the 8.6-kb upstream region, 1.0-kb gene region, and 3.3-kb downstream region of HvHox2 [ref. in (A)], Vrs1 [combining query 1 and query 2 in (A)] and 
cereal HvHox2 ortholog [5.0-kb upstream region, 1.0-kb gene region, 5.0-kb downstream region] are represented in a VISTA plot using the HvHox2 sequence as a reference (x-axis, window size 
100 bp). Similarities between HvHox2 and Vrs1 and HvHox2 orthologs are plotted on the y-axis and range from 50 to 100%. The position of the TATA box (TATA), transcriptional start site (TSS), 
translational start ATG, and stop codon is indicated. Pink, non-coding sequence; aqua, UTR; purple, coding sequence.  
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Appendix	  3.	  Annotation of cv Morex BAC sequence (EF067844) in the vrs1 locus	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?:0#$$ ?:090? J])!K! *&+ ,&5& &[=5?
?:"897 ?:"!$0 J])!K: *&+ ,&5& &[=57
?:#"#: ?:##09 J])!K7 *&+ ,&5& &[=5:
?:90#: ?7?""? R+353)! 2=* E=.(3 ;NO
?7$0?# ??:#": G.W&'(3 *&+ E=.(3 712*3,4&56
??780# ??7:!9 O34=E'&/ *&+ @R;J ;NO
??7#77 ?0809# RB&*=/ 2=* E=.(3 ;NOS
?0897$ ?0:08! J])!K? *&+ ,&5& &[=5!
?0?$9? ?007#7 aD/D2)! *&+ D5E'3//(\&A 2*3,4&56
?09870 ?09!!9 <6W=/ 2=* @R;J ;NO
?""97! ?"$8!0 <6W=/ *&+ @R;J ;NO
?"9"80 ?"9$88 J]):K! *&+ ,&5& &[=5?
?"9#!! ?"9#07 <6W=b *&+ @R;J 2*3,4&56
?$8:8$ ?$8:#7 J]):K: *&+ ,&5& &[=5:
?$89#! ?$!!99 J]):K7 *&+ ,&5& &[=57
?$!9"9 ?$:0#9 J]):K? *&+ ,&5& &[=5!
?$?:9# ?$"?#0 H<IJ!)#K! *&+ E=.(3 012*3,4&56
?$"?#0 ?$9#$! NDBBD'3):K! *&+ ,-./- 012*3,4&56 !
?$9#$: ?#$7$" N3P*(53)!9 2=* ,-./- ;NOS :
?#$7$$ ?#$9#8 NDBBD'3):K: *&+ ,-./- 012*3,4&56 !
?#$9#! ?9!998 H<IJ!)#K: *&+ E=.(3 012*3,4&56
?9!99! ?9?"#7 ,-./-)! 2=* ,-./- 2*3,4&56
?9?"#? ?90!0! N3P*(53)!#K! 2=* ,-./- 012*3,4&56
?90!0: 08:!"? N3P*(53)!$ 2=* ,-./- ;NO !
08:!"0 089:0? N3P*(53)!#K: 2=* ,-./- 012*3,4&56
0!88?? 0!8!80 %&'()7K! 2=* ,-./- 01.3*`3'
0!8!8" 0!!#0$ H<IJ!)9 *&+ E=.(3 /='=FQ;IC;NO !
0!!#0# 0!#7?7 %&'()7K: 2=* ,-./- 01.3*`3' C
ZR<NM+7!:7G89
,-./-!?::"" !?798! N3P*(53)" *&+ /='=FQ;ICU;NOV !
N3P*(53)# 2=* :
!9$$0" :8:!:7 N3P*(53)9 2=* ,-./-
!9878? !9$$00
;NOS !
:8:!:? :890:7 NDBBD'3)! *&+
,-./- 012*3,4&56S
N3P*(53)!! *&+ ,-./- 2*3,4&56S
2*3,4&56S !
:
:890:? :!8$77 N3P*(53)!8 2=* ,-./-
,-./- 012*3,4&56
77??7" 770$!9 N3P*(53):!K: 2=* ,-./- /='=FQ;IS
::78?9 ::?70$
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Appendix	  4.	  Annotation of cv Morex BAC sequence (M664D5) in the HvHox2 
locus	  
	  
	  
!"#$" %&' %()*)&" !"$#&' +(#,, -)*#$. /)0)( 12((3()&4"56789: !"#$" %&' ;')&<"= %30#(2)
! "#$ %&%!'! ()* !"!#" %+,
"#" !-"! +./0(.'! ()* $%&'% 123245%67%+,789%&9
:!;- "$<- =&6>!'$?! ()* !(&)* $@A(.BC)DE78%&%9F8%8%9 GH&+I*$J:$K!; $;<- ":$# #:L !?JJ>4!<J
"$<; !!-#J =&6>!'!?! A2( !(&)* %+,7%89&&F899%%7()M2CNOD)P7)3)C)DE !
!!-#! !;QQQ +.N(OD.'!?! ()* $%&'% %+, : GH&+I*$!:$RJ# !:::- !:;Q" #JL J
::!<< ::<"J #<L !?JJ>4!-<
::Q": ::;<# #-L !?JJ>4!J"
:-";: :;Q#: +.N(OD.'!?: ()* $%&'% %+, : GH&+I*$!:$RJ# :-Q"# :;:-- #JL J
:;Q#$ $Q;<J =&6>!'!?: A2( !(&)* %+,7%89&&F899%%7()M2CNOD)P7)3)C)DE ! GH&+I*!J!!K!< $!Q": $:J:Q #:L !?JJ>4!<!
$Q;<! "JQ;< =&6>!'$?: ()* !(&)* <@A(.BC)DE7%+,78%&%9F8%8%9 GH&+I*$J:$K!; $Q;<J $-!"! #$L !?JJ>4!!<
"JQ;Q "$QJ; 65S'&'!?! A2( 0DM3.11OT)P %+, !
GH&+I*!J!!KJ< <!<"; <::#! ;#L J
GH&+I*:J"!U!J <!<<J <:::! #JL J
<:#<: <#JQ$ 65S'&'!?: A2( 0DM3.11OT)P %+, ! GH&+I*!J""HJ! <:#<- <"::J ;;L J
GH&+I*:J"-,J; <#$-- QJJQ; ;#L J
GH&+I*$!:$RJ# <#"J< QJ$"J #!L J
GH&+I*!J;!V!: <#;:# QJ::! #:L !?JJ>4!"#
GH&+I*:J"-,J; Q<#Q; QQQQ: ;;L J
GH&+I*$!:$RJ# Q<##< Q-!<$ #!L J
GH&+I*!J;!V!: QQ":: QQ;"! #JL !?JJ>4!"-
GH&+I*!J""HJ! Q-!<" Q-#J$ #JL J
GH&+I*:J!<>!# Q-!<$ Q-#<! ;;L J
GH&+I*!J""HJ! Q--;< Q;<J! ;-L J
Q;<:J Q#:$! =&6>!'$?$ ()* !(&)* <@A(.BC)DE7%+,78%&%9F8%8%9
Q#:$: -$$-Q =.3P0OD'!?! ()* !"!#" %+, !
-$$-- ;!""" WODM)DE'! ()* !"!#" %+, : GH&+I*!J;#=JQ -QQ-< --J<J #$L !?JJ>4!<J
;!""< ;<#Q# =.3P0OD'!?: ()* !"!#" %+, !
;<#-J ;;$;J =&6>!'$?" ()* !(&)* <@A(.BC)DE7%+,78%&%9F8%8%9
;#<$$ ;##:: 659'&'!?! ()* $%&'% A(.BC)DE
GH&+I*$!:$RJ# ;##:- #!J;J #JL J
GH&+I*!J;!V!: #J:$Q #JQ<! #JL !?JJ>4!""
#!";! #:Q#< 659'&'!?: ()* $%&'% A(.BC)DE GH&+I*:J"-,J; #J"-! #!!Q! ;;L J
#Q:#; #Q<#! I*I2X:?! ()* B)D) )X2D7$ GH&+I*:J-"&!J #QJQ: #Q<#$ !JJL J
#QQ#$ #-J"; I*I2X:?: ()* B)D) )X2D7: GH&+I*:J-"&!J #QQ#! #-J"# !JJL J
#-!;# #-:"# I*I2X:?$ ()* B)D) )X2D7! GH&+I*:J-"&!J #-!;; #-$-$ !JJL J
##!!; !J:!!; I*U9: A2( 8G+ 1OCO3.(7E27(OM)7MY(?-
GH&+I*:!:;IJQ !JQ:;: !JQ-J; ;#L !?JJ>4!$<
Z5N.A$"[!; !JQ$<$ !JQ-!J #$L !?JJ>4!"-
!2>>()*)&"#(6?#@()6AB7&DD2E.\2D72A7EY)7+,+(-.71)]0)DM)
<#JQ" Q-!<$ +.N(OD.': ()* $%&'% <@A(.BC)DE
%+,^7E.(B)E71OE)7P0[3OM.\2D_75%6^732DB7E)(COD.37()[).E_78G+^7M2D1)(*)P7D2D4M2PODB71)]0)DM)7
:
!;QQ- :-";J =&6>!'" A2( !(&)* %+,79&8%& $
!
Q-!<$
GH&+I*!J!!K!<
"$QJ; <:#<! `I&K'! A2( $%&'% %+,7999%9 :
$@A(.BC)DE
%+, !
;##:$ #!";J +.N(OD.'$ A2( $%&'% 1232'5%67%+,79&9%9
!J<<Q! !J-!": =&9a:'! ()* $%&'%
Q;<!$ 65S'&'!?$ A2( 0DM3.11OT)P
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Appendix	  5.	  Llist	  of	  Hordeum	  and	  Triticum	  species	  used	  in	  this	  study	  and	  GenBank	  
accession	  numbers	  
	  
!""#$$%&'('&) *+#"%#$ ,#'&-# ./&%01 23%4%' !"#$ %&%'()
56789: %*+&,-./"0(;)($$+)(#1'23/20,4(<=)(>&"?)@(A?#//) ! BC =1+3D$ !EF776F9 !EF77GGG
5FH78: %*+&,-./"0(I)(/."5'6"537'2 ! BC =?%': !EF776F7 !EF77GGJ
56GFG %*+8,-8'#,4(;) ! BC KL:/1 !EF776FB !EF77GJ9
5F8 %*+4,"52,4(;)($$+)+.-/,6,4(<*L#D0)@(AMN#/) "# BC O41+L !EF776F6 !EF77GJ7
5797B %*+4,"52,4+;)($$+)+-01'"52,4+<;%'P@(!3":'4) "#"# 8C Q !EF776F8 !EF77GJB
5B9B8 %*+1,#5--,4(RDS) $ BC T)*)! !EF776FH !EF77GJ6
57J87 %*+5230"60902#(R#N$P% $ BC T)*)! !EF776FU !EF77GJ8
5B78G %*+0,6-/#3'2(*L#D0) $ BC T3D4D:1 !EF776FF !EF77GJH
5B7BF %*+:0(,'#,4(*L#D0) $ BC T3D4D:1 !EF776FG !EF77GJU
5U8FJ %*+4,;6,4(.3#$/) $ BC !34#'V': !EF776FJ !EF77GJF
57G7U %*+675-02#0(W&#-)(X(*"?D/L) $ BC =?%/# !EF776G9 !EF77GJG
5U8U9 %*+6'"9'802#0+E&L?-)(#L(:/) $ BC !34#'V': !EF776G7 !EF77GJJ
57FG9 %*+#302'#3/67<#(,&03) $ BC !34#'V': !EF776GB !EF77J99
57B6U %*+1,85:'",4(5&&P)(I) $ BC !34#'V': !EF776G6 !EF77J97
58978 %*+8'.9/255(Y%/) $ BC .:P%$L:' !EF776G8 !EF77J9B
5799F9 %*+"'#70&53=55(E&Z0#' $ BC WD$$%: !EF776GH !EF77J96
5F86F %*+"'#70&53=55(E&Z0#' $ BC =?%': !EF776GU !EF77J98
579BBF %*+8"0&5#,8,-/3,4(<A3%')@(;%'P $$ 8C A:0M?%P%$L:' !EF776GF !EF77J9H
5667F %*+8"/67</2370",4+R#N$P%($$+)(6/-5>'"256,4+<=&N:$(X(*L#[[)@(E&L?-)(#L(:/) $ BC T)*)! !EF776GG !EF77J9U
577H9 %*+0"06;>'-5,4(E&L?-)(#L(:/) $ BC !34#'V': !EF776GJ !EF77J9F
5768B %*+1/3/.'256,4(<5:D-)@(=&N:$($$+)+4/.0--/256,4+(<.:3&0%(X(R%"&3:@(E&L?-)(#L(:/* $ BC !34#'V': !EF776J9 !EF77J9G
576HG %*+1/3/.'256,4+$$+)+4,#30"#55(<R%"&3:@(E&L?-)(#L(:/) $ BC !34#'V': !EF776J7 !EF77J9J
57B7 %*+4/"52,4(5D0$)+$$+)+4/"52,4 "% BC ,3##"# !EF776JB !EF77J79
5HG7 %*+4/"52,4+$$+)+.,##'20/2,4(<.:3/)@(A?#//) "% BC ,3##"# !EF776J6 !EF77J77
>TQ797Q7 ?*+4'2'6'66,4($$+)(8'0';6,4 &' BC Q !EF776J8 !EF77J7B
(#))*+'+,-%*./%0*+.12(;/%$L(&I(%'"90,4(:'0(?"5;6,4+$+#"%#$(D$#0(%'(L?%$($LD01(:'0(,#'E:'P(:""#$$%&'('D-[#3$
,#'E:'P(:""#$$%&'('&)
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Appendix	  6.	  Phylogenetic	  analysis	  of	  the	  VRS1	  and	  HvHOX2	  (HOX2)	  homologs	  in	  Triticeae.	   	  
The	  phylogenetic	  tree	  was	  constructed	  based	  on	  predicted	  amino	  acid	  sequences	  using	  the	  
neighbor-­‐joining	  method	  in	  MEGA	  5.	  Numbers	  near	  the	  branches	  indicate	  the	  bootstrap	  values	  obtained	  
from	  1000	  replicates.	  Predicted	  amino	  acid	  sequences	  of	  Brachypodium	  HOX2	  (Bradi1g23460)	  and	  rice	  
OsHox14	  were	  used	  as	  outgroups.	   	  
 H2024 H. pusillum_VRS1
 H1150 H. erectifolium_VRS1
 H1780 H. stenostachys_VRS1
 H1941 H. intercedens_VRS1
 H2148 H. euclaston_VRS1
 H2127 H. flexuosum_VRS1
 H1816 H. chilense_VRS1
 H1236 H. pubiflorum_VRS1
 H1342 H. patagonicum ssp. magellanicum_VRS1
 H1358 H. patagonicum ssp. mustersii_VRS1
 H6479 H. muticum_VRS1
 H4014 H. bogdanii_VRS1
 H6460 H. cordobense_VRS1
 H3317 H. brachyantherum ssp. californicum_VRS1
 H7437 H. roshevitzii_VRS1
 H10070 H. roshevitzii_VRS1
 H121 H. marinum ssp. marinum_VRS1
 H581 H. marinum ssp. gussoneanum_VRS1
 H74 H. murinum ssp. glaucum_VRS1
 H1012 H. murinum ssp. leporinum_VRS1
 H3878 H. bulbosum_VRS1
 H3140A H. vulgare ssp. spontaneum_VRS1
 H7514A H. vulgare f. agriochriton_VRS1
KU-101-1 T. monococcum_VRS1
 H1941 H. intercedens_HOX2
 H1780 H. stenostachys_HOX2
 H1358 H. patagonicum ssp. mustersii_HOX2
 H1342 H. patagonicum ssp. magellanicum_HOX2
 H6460 H. cordobense_HOX2
 H6479 H. muticum_HOX2
 H1816 H. chilense_HOX2
 H1150 H. erectifolium_HOX2
 H2148 H. euclaston_HOX2
 H1236 H. pubiflorum_HOX2
 H2127 H. flexuosum_HOX2
 H7437 H. roshevitzii_HOX2
 H10070 H. roshevitzii_HOX2
 H2024 H. pusillum_HOX2
 H3317 H. brachyantherum ssp. californicum_HOX2
 H4014 H. bogdanii_HOX2
 H10227 H. brevisubulatum_HOX2
 H74 H. murinum ssp. glaucum_HOX2
 H1012 H. murinum ssp. leporinum_HOX2
 H3878 H. bulbosum_HOX2
 H3140a H. vulgare ssp. spontaneum_HOX2
 H7514a H. vulgare f. agriocrithon_HOX2
 H121 H. marinum ssp. marinum_HOX2
 H581 H. marinum ssp. gussoneanum_HOX2
 KU-101-1 T. monococcum_HOX2
 Bradi1g23460_HOX2
 Os07g0581700_HOX2
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Figure 9. Phylogenetic analysis of the VRS1 and HvHOX2 (HOX2) homologs in Triticeae. 
The phylogenetic tree was constructed based on predicted amino acid sequences using the neighbor-joining method in MEGA 5. Numbers near the 
branches indicate the bootstrap values obtained from 1000 replicates. Predicted amino acid sequences of Brachypodium HOX2 (Bradi1g23460) and 
rice OsHox14 were used as outgroups.  
 118 
Appendix	  7.	  Level	  of	  DNA	  variation	  of	  Vrs1	  and	  HvHox2	  in	  Hordeum	  species	  
	  
	  
!"#$"% &'()*+$"%$
,*-./(, .0/)(1'(*$2345 6"*.0 78("(81"9,$2!,5 !"(:,8("(81"9,$2!.5 7/0'(* !.;!,
"#$% <= >?@ ?#?AB ?#?=> ?#?<@ ?#?=C ?#CD=
&'&()* <= >@A ?#?<< ?#?CE ?#??@ ?#?=E ?#EB<
!9F0'"GH'$H/I'-,/*8$4'-$(9F0'"GH'$2J5
K'('
Table 1. Level of DNA variation of Vrs1 and HvHox2 in Hordeum species
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  8.	  Primers	  used	  for	  resequencing	  
	  
	  
!"#$ !"#$%&'%()%#*"
+,,,-,!./0120 344434534553664465466 7689.
+,,,-,!./0:2* 454343363465555663343
+,,,-,!./!,2: 664353534353545363436
+,,,-,!./!!0! 663353444653443654653
+,,,-,!8/0:0/ 454333655644345633643
+,,,-,!8/!12* 464434464434636563433
+,,,-,!8/!:;: 564634566655655566656
+,,,-,!8/!<<2 566566565634566435566 76898
%&%'() !"#$%&'%()%#*"
=>=?@1AB%(?C%A,D10 346364656666566556446543 7689.
=>=?@1AB%(?C%A/:D11 4566656556565666656656
=>=?@1AB%(?C%A:/*D11 3545365536563646464656
=>=?@1AB%(?C%A,202D10 363533563435335554366535
=>=?@1AB%(?C%A0*<-1, 356335643663363655655
=>=?@1AB%(?C%A/1:-1, 566634665343363663646
=>=?@1AB%(?C%A,,!!-11 6366546434564566643655
=>=?@1AB%(?C%A,1:2-10 446464464645635656534465 76898
!""#$%&'()*A7EFC%EGA'G%HAI?EAE%G%&'%()F(B
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Barley	  (Hordeum	  vulgare)	  spikes	  are	  developmentally	  switched	  from	  
two-­‐rowed	  to	  six-­‐rowed	  by	  a	  single	  recessive	  gene,	  six-­‐rowed	  spike	  1	  (vrs1),	  which	  
encodes	  a	  homeodomain-­‐leucine	  zipper	  I	  class	  transcription	  factor.	  Vrs1	  is	  a	  paralog	  of	  
HvHox2	  and	  both	  were	  generated	  by	  duplication	  of	  an	  ancestral	  gene.	  HvHox2	  is	  
conserved	  among	  cereals,	  whereas	  Vrs1	  acquired	  its	  current	  function	  during	  the	  
evolution	  of	  barley.	  It	  was	  unclear	  whether	  divergence	  of	  expression	  pattern	  or	  protein	  
function	  accounted	  for	  the	  functionalization	  of	  Vrs1.	  Here,	  we	  conducted	  a	  
comparative	  analysis	  of	  protein	  functions	  and	  gene	  expression	  between	  HvHox2	  and	  
Vrs1	  to	  clarify	  the	  functionalization	  mechanism.	  We	  revealed	  that	  the	  transcriptional	  
activation	  activity	  of	  HvHOX2	  and	  VRS1	  was	  conserved.	  In	  situ	  hybridization	  analysis	  
showed	  that	  HvHox2	  is	  localized	  in	  vascular	  bundles	  in	  developing	  spikes,	  whereas	  Vrs1	  
is	  expressed	  exclusively	  in	  the	  pistil,	  lemma,	  palea	  and	  lodicule	  of	  lateral	  spikelets.	  The	  
transcript	  level	  of	  Vrs1	  was	  more	  than	  ten-­‐fold	  greater	  than	  that	  of	  HvHox2	  during	  the	  
pistil	  developmental	  stage,	  suggesting	  that	  the	  essential	  function	  of	  Vrs1	  is	  to	  inhibit	  
gynoecial	  development.	  We	  demonstrated	  the	  quantitative	  function	  of	  Vrs1	  using	  
RNAi	  transgenic	  plants	  and	  Vrs1	  expression	  variants.	  Expression	  analysis	  of	  six-­‐rowed	  
spike	  mutants	  that	  are	  non-­‐allelic	  to	  vrs1	  showed	  that	  Vrs1	  expression	  was	  
up-­‐regulated	  by	  Vrs4,	  whereas	  HvHox2	  expression	  was	  not.	  These	  data	  demonstrate	  
that	  divergence	  of	  gene	  expression	  pattern	  contributed	  to	  the	  neofunctionalization	  of	  
Vrs1.	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オオムギは穂の形態から二条性と六条性に大別される. 二条穂は主列小
穂のみが穀粒をつける. 一方, 六条穂は側列小穂も稔実するため二条穂に比べて
3倍量の穀粒をつける. 条性はHD-Zip I型転写因子をコードする Vrs1遺伝子に制
御されることが知られている. しかしながら, VRS1タンパク質の分子機能や発現
パターンは十分に解明されていない. また, 近縁種のコムギ, イネ, トウモロコシ
などにおける Vrs1相同遺伝子の存在や機能はほとんど知られていない. そこで, 
本研究ではオオムギでの詳細な発現解析とタンパク質機能解析, そしてイネ科で
の比較ゲノミクス解析を行なった.  
オオムギにはVrs1のパラログとしてHvHox2が存在することがわかった. 
調べた種の中でVrs1相同遺伝子は存在しなかった. 一方, HvHox2は染色体上の位
置や発現パターンがイネ科で高度に保存されていた. HvHox2は幼穂, 葉, 根など
全身で発現しているのに対してVrs1は幼穂だけで発現していた. 以上の結果から, 
Vrs1は遺伝子重複によって生じ, 機能分化したということが示唆された. 
発現パターンの変化とタンパク質の変化のどちらがHvHox2とVrs1の機
能分化に貢献したのか明らかにするため, より詳細な機能解析を行なった. 
HvHOX2とVRS1タンパク質はC末端領域に保存された転写活性化ドメインを持
つことがわかった. HvHox2は他の HD-Zip遺伝子同様、維管束に局在していた. 一
方, Vrs1は側列小花で発現し, 特に雌蕊に局在していた. Vrs1遺伝子とは別座の変
異によって生じた六条変異体（vrs2, vrs3, vrs4, int-c）の発現解析によって, Vrs1の
転写はVrs4によって促進されていることが明らかになった. 以上の結果からVrs1
遺伝子は新しい発現パターンを獲得することによって祖先遺伝子から機能分化し, 
側列小花の発達を抑制していると結論づけられる.	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